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We have examined the crystallographic origins of fast-ion conduction in oxides with the
pyrochlore structure-type, ideally A2B20 7, a superstructure of (A,B)20 3.5 defect fluorite-
like array. These materials have technological promise for use in electrochemical devices
such as oxygen sensors and solid-oxide fuel-cells. The pathway for ion conduction
proposed by several authors has been a jump between equivalent nearest-neighbor oxygen
sites through the tetrahedral edges of the relatively-immobile cation array. Substitution
of a third cation species in slid-solution in the B site, A2(B-yB'y)2O,, results in a marked
change in the structure and properties of the materials which is not fully understood. As
the average radius of the cations occupying the B-site increases (with changing
composition) towards that of the larger average radius of the cations occupying the A-
site, a tendency for increasing disorder has been observed, where complete disorder
corresponds to the fluorite structure. A decrease in Frenkel-defect formation-energy and
an increase in the migration enthalpy accompanies the disordering. We have executed
several studies of pyrochlore structures employing neutron and x-ray powder diffraction.
In particular, we have focused on high-temperature in-situ experiments that should better
correspond to the structure for which the conductivity measurements were made at
elevated temperature. We have used (1) powder neutron diffraction to examine the
structure of the Y2(SnyTi,-y) 20 2 solid-solution series, (2) powder x-ray diffraction to study
the structure of the Gd2(SnyTi-.y) 207 solid-solution series, (3) powder neutron diffraction
to determine the effect of elevated temperatures (to a maximum of 14500C) and decreased
oxygen partial pressures on the crystal structure of Y2(Zro.0Tio.4 )2O,, Y2Sn 20, and
(Y.90Ca0.10)2Ti2O7. The results demonstrate that bonding plays at least as important a role
in stabilizing the superstructure as the difference between the A3' and B4+ cation radii.
Both the Y2(SnyTi,-y) 202 and the Gd2(SnyTi$.)207 solid-solution series remain relatively
ordered despite the increase in average B4+ radius with tin substitution beyond that of the
average B4+ radius for members of the series Y2(ZryTi.-y) 207 and Gd2(ZryTi-y)20O7 which
were both determined previously to exhibit a high degree of disorder. The degree of
disorder among compounds examined did not change greatly with elevated temperature,
although the Y2(Zro.o6 Ti0.40)20 7 did show signs of increasing disorder above 1000 0C.
Evidence for an alternative pathway for oxygen diffusion in Y2(Zr0.60Ti0.40)20 7 was found
in Fourier synthesis of the scattering density which displayed a bridge between nearest
0(2) and 0(1) sites. This is not confirmed as an active conduction pathway in
(Y.9Ca.1)2Ti20 7 pyrochlore. Instead, a curved pathway connecting nearest 0(1) sites
nominally in the <100> is detected. This observation confirmed the accepted mechanism
for ionic-conduction. Evidence was found for an equivalent vacancy population on the
0(1) and 0(2) sites for this compound.
Thesis Supervisor: Bernhardt J. Wuensch
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Preface
Before beginning to describe the details of this study of fast-ion conducting pyrochlores,
it will be helpful to the reader to understand the organization of the present thesis.
Generally, the body chapters are written to stand-alone as manuscripts to be submitted for
publication, except where the chapters greatly overlap. For example, since each chapter
is a self-contained study of pyrochlore structures with its own particular purpose, a
description of the pyrochlore structure-type would be necessary for each, if they were
submitted as manuscripts for publication. It would be tedious to read descriptions of the
structure-type four times; thus it is described just once in the Introduction.
The Introduction, however, contains more general background information than would be
included in any manuscript. Aside from providing information that is common to each
study, the Introduction gives a brief summary of topics that are thought to be of interest to
the reader. It is not the purpose of this introduction to provide any comprehensive
review, but rather to give the information necessary to understand the analyses and
observations made in the rest of the thesis. Where it is appropriate, the reader is pointed
to sources, such as reviews and world-wide-web-sites, for more information beyond the
scope of the present work.
Each body chapter contains all the analysis and discussion pertinent to the study at hand,
and it contains the relevant comparisons to the results from the other chapters. The
research is presented chronologically, in the order in which it was completed, thus the
cross-referencing between chapters increases with chapter number. The reader may
perceive the "story" of our exploration in that the goals of each chapter follow sensibly
from the results of the previous chapter. More speculative reasoning, concerning the
overall results from the individual studies, is given in the Conclusion.
A summary of the major results of this thesis are presented in the Conclusion. We also
attempt to assimilate our total knowledge of the pyrochlore structure and to compare it in
greater detail to the conductivity results obtained by others. The implications as to how
one should design a pyrochlore to improve the ionic conductivity from the perspective of
its atomic arrangement is given. Additionally, suggestions for future research are given.
This arrangement was chosen for two reasons: (1) for the benefit of the reader, and (2) for
the benefit of the author. A thesis is not typically read from cover-to-cover. Instead, the
reader is interested in some particular facet of a thesis and wishes to quickly extract just
that. Often a single figure is the object of interest in a thesis, and the reader will simply
photocopy that figure and leave the thesis on its shelf, having never glanced at the pages
surrounding it. The arrangement for this thesis was chosen, in part, to accommodate this
kind of reader who is thought to be typical. If a person is interested in high-temperature
studies of the crystal-structures of fast-ion conductors performed in-situ using neutron
diffraction, the person may turn directly to Chapter 4 or 5 without missing any integral
text. The author acknowledges that the other motivation for the organization style chosen
was to expedite the publication of the results.
1 Introduction
1.1 Purpose of this Research
Fast-ion conducting pyrochlores, A'+B4 'O,, have been found which may be of
technological value. Conductivity measurements and crystal-structure determinations
have been performed for a great number of pyrochlores. Some computer modeling has
also been done to understand the origin of the fast-ion conduction in these pyrochlores.
Moon et al. have shown recently in a solid-solution series that substitution on the B site
of a larger isovalent cation for a smaller one drives the system to a completely disordered
state with a non-stoichiometric fluorite structure, MO1.75 [6]. In a Rietveld analysis of
neutron diffraction data from quenched specimens at ambient temperature Heremans et
al. have shown [1,2] that the system Y2(ZryTi-.y) 207 progressively disorders with
increasing y and attains the non-stoichiometric fluorite structure at y = 0.90. The creation
of, on average, '/ vacancy in each anion site causes the disordered pyrochlores to be
oxygen-ion fast-ion conductors. Indeed, the ionic conductivity increases by more than
10' above that for fully-ordered pyrochlore [3] to levels that are useful in technological
applications (e.g., 10-2 S/cm at 10000C).
However, the structural origins of fast-ion conduction in these pyrochlore-structured
materials are not yet fully understood. Among questions remaining are the following.
1. Is disorder among the cation and anion arrays of the structure truly dependent on
the relative size of the A and B cations alone and not on bonding?
2. Are the disordering processes in the cation and anion arrays coupled? Results for
quenched samples in the Y2(ZryTi,,) 207 system indicate that the disordering
processes do occur independently. In fact, three parameters are necessary to
describe the state of order. Two parameters are needed to describe the anion site
disorder, one independent occupancy for each of the two sites emptying as the
interstitial 0(3) fills, and a third is needed to describe the anti-site disorder in the
cation array. Is this truly how this system behaves when it has an equilibrium
structure? The phase stability calculations for the similar Gd2(ZrTil.Y)20 7 system
indicate that order in the cation array should be strongly coupled to that in the
anion array [4].
3. Given the fact that these are fast-ion conductors at elevated temperature, to what
degree is the high-temperature structure preserved by quenching? If the high-
temperature structure is poorly represented by the structure of a quenched sample,
all of the crystallographic determinations to date bear no relevance to the high
temperature conductivity data.
4. Is the ionic conduction mechanism that is generally accepted in agreement with
observations made by diffraction methods? If the hopping motion of ions
between neighboring sites is frequent enough, examination of the structures at
elevated temperature should reveal a distribution of scattering-density between
anion sites consistent with that predicted from conductivity measurements and
computer modeling.
5. What is the crystallographic disorder induced by aliovalent substitution? Are
charge compensating oxygen vacancies indeed formed? To the best of our
knowledge this issue has never been investigated.
To address questions 1, 2, and 4, we collaborated with Dr. Tae-Hwan Yu and Prof. H.L.
Tuller in the synthesis of new pyrochlore solid-solutions: Y2(SnrTily)207 and
Gd2(SrTi,-y)207 [5]. These Sn4+ substitution series were chosen for comparison to the
Zr' substitution series previously studied by Heremans and Moon: Y2(ZryTil.y)20 7 and
Gd2(ZryTi,,.)207 [1,2,3,6]. The yttrium zirconate-titanate, in particular, was shown to be
completely disordered at y = 0.90. Thus we thought it reasonable to investigate the
substitution with Sn4+, as its ionic radius is intermediate to that of Ti4+ and Zr4',
corresponding to the average radius of (Zr0.74Ti. 26). Neutron diffraction studies of the two
stannate systems at room temperature are reported in Chapters 2 and 3. Structure
refinements of the compositions y = {0.00, 0.40, 0.60, 0.85, 1.00} and {0.20, 0.40, 0.60,
0.80} are given for the Y2(SnyTily) 20, and Gd 2(SnyTi,-y) 207 systems respectively.
A highly disordered pyrochlore from the Y2(ZryTil.,) 207 solid-solution system, with y =
0.60, was chosen for comparison to the fully ordered Y2Sn20 7 compound. In addition to
addressing questions 1, 2, 4, and 5, we compared these two pyrochlores to examine the
effect of having a solid-solution of B4+ cations opposed to a single B4" cation. Neutron
diffraction studies at elevated temperature and controlled oxygen partial-pressure are
described in Chapter 4. Structural refinements for 78 and 85 data-sets from different
temperatures are given for the Y2(Zr0.60Ti0.40) 20 7 solid-solution and Y2Sn20 7 compound
respectively.
We have additionally examined a doped pyrochlore, (YO.9Ca 0.1)2Ti20 7, to probe questions
3, 4, and 5. Structural analysis from neutron diffraction data taken for the sample at room
temperature and at elevated temperatures are given in Chapter 5. It was hoped that the
high ionic-conductivity and the high degree of order in this doped pyrochlore could make
direct measurement of parameters for ionic-conduction possible.
1.2 Technologies Using Pyrochlore
At this summer's Democratic National Convention, the Chicago Transit
Authority will showcase a vehicle that could forever change the grimy
image of the urban transit bus. Powered by a fuel cell developed by
Ballard Power Systems, based in Vancouver, B.C., its only exhaust is
water so pure that CTA President Robert Belcaster actually drank a
glassful straight from the tailpipe. "It tasted like the water my mother used
to put in her iron, " he says. No wonder Belcaster predicts fuel-cell buses
could eventually take over Chicago's entire fleet and calls this "the power
technology for the next century. "
This leading paragraph from Business Week [7] awakens us to the reality of the coming
age of fuel-cells. The article goes on to mention that Daimler Benz unveiled a Mercedes
minivan that is capable of 65 mph and a 150 mile trip powered by a fuel-cell. Possibly by
2020, Benz believes it could be mass producing fuel-cell cars. Articles expressing
enthusiasm about fuel-cell powered cars have been numerous in recent years
[8,9,10,11,12], but the current power-plant for these prototype automobiles uses a proton-
exchange membrane. The membrane materials for oxygen exchange, a class of which is
the focus of this thesis, are leading competitors but not yet efficient enough to be
commercially viable [13,14]. One source of motivation for this research is to expand the
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Figure 1. 1 Above, the general design and, below, a schematic for a solid oxide fuel cell is pictured. The
ideal half reactions in the electrodes are as follows:
Cathode: 202 +2e- = 02-
Anode: H2 + 02- = H2O + 2e-
Cell: H2 +'A02 = H20.
The lower figure is from Westinghouse. It features an air-electrode-supported type tubular design [15].
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The typical fuel-cell material today is yttria-stabilized cubic zirconia. This is the same
ceramic used in the exhaust manifold of nearly every car on the road. The cubic zirconia
acts as the oxygen membrane in a sensor to give a highly sensitive voltaic signal
indicating the oxygen partial pressure in the exhaust. This, in turn, is used to monitor and
control the air-to-fuel ratio injected into the engine. Clearly, this material is very useful
and valuable due to its high oxygen-conductivity [16]. This conductivity is
approximately 10-1 S/cm at 10000 C and has an activation energy of -leV.
Cubic zirconia could act as solid electrolytes or as electrodes in an oxygen sensor or in a
solid oxide fuel cell (SOFC) (Fig. 1.1). Several design requirements must be met for a
fast-oxygen ion conductor to be technologically valuable in a solid state electrochemical
device [17]. An electrolyte and an electrode would both require high ionic conductivity,
u i 2 10.2 S/cm. The electrolyte must have a low electronic conductivity, oe, while the
electrode requires a high electronic conductivity. This criterion is best described in terms
of the electronic-transference number, te, as:
t Q, [1.1]
a i + C e
where te should be less than 102 for an electrolyte and much greater than 102 for an
electrode. The important secondary requirements are chemical, morphological, and
dimensional stability, compatibility with adjoining materials, adequate strength, and a
reasonable cost of fabrication.
One possible material-system under consideration for use in oxygen conducting electro-
chemical devices is the perovskite system which has recently achieved high
conductivities for oxygen [18,19,20,21]. A study of lanthanum and praseodymium
strontium cobalt oxides found a peak in oxygen conductivity of 100 1 S/cm for
La 0.3Sr0.CoO 3-_ at 1115K. However, the electronic-transference number for this
compound was found to be only 0.9988 making this a rather ineffective electrolyte. To
construct an SOFC from this material, the Lao.3Sr0o.CoO 3. could act as a very effective
electrode, but a solid with a low electronic-transference number would be necessary to
prevent short-circuiting across the electrolyte. As the perovskite fast-oxygen conductors
have typically had high electronic-transference numbers, an alternative material would
have to act as the electrolyte with the perovskite abutted at the ends. This could cause
numerous problems such as thermal-fatigue or chemical instability, as between yttria-
stabilized zirconia and LaSrCoO 3.
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Figure 1. 2 Representative data for a number of oxygen ionic conductors with fluorite, pyrochlore, and
perovskite structures [16.
We are interested in A2B207 pyrochlore systems because of their versatility. A
comparison of the ionic conductivities of more promising representatives from the
fluorite, perovskite, and pyrochlore systems is given in Figure 1.2. Fast-oxygen-ion
conducting pyrochlore systems have been found for which the same material can display
either predominately oxygen-ion conduction or predominately electron conduction with
appropriate doping [5,6,22]. This permits the construction of a single-material
electrochemical device. Figure 1.3 shows an example of such a construction in which
Gd2Ti20, serves as a template. Chemical substitutions modify the material to create one
electrode viable in an oxidizing environment and another in a reducing environment. The
electrodes are separated by an electrolyte stable over the full range of oxygen
environments. Another example of such a system is the Gd2(Zr0.25Ti0.75)20 7 system. The
electronic-transference number can be varied from 10-6 to 0.75 at 1273 K by controlling
the doping level. The ionic conductivity of this compound with 2 at% acceptor doping is
10-2 S/cm at 1273 K [23]. This level of conductivity, plus the fact that pyrochlores may be
doped on two different sites to cause them to become predominantly electronic or
predominately ionic conductors, makes such materials very attractive for application in
fuel cells. Devices can be constructed with the advantage of having the same structure
and similar chemistry for both of the electrodes as well as the electrolyte.
0
Cathode Electrolyte Anode
Gd(Ti, -Ru) 0 7  (Gd,Ca) 2 Ti2O7  Gd-(Ti .Mo) 20 7
Figure 1. 3 An illustration of a solid oxide fuel cell composed entirely of modified Gd2 Ti20 7 pyrochlore.
The spatial dependence of the ionic and electronic transference numbers depends on the corresponding
compositional profiling [16].
Titanate pyrochlores, in particular, are also useful for a completely different technology:
the disposal of radioactive waste. Plutonium may be immobilized in a ceramic host
composed primarily of titanate pyrochlore [24]. Oxygen mobility is of less interest for
this application, but the behavior of the crystal-structure at high-temperature is important.
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Figure 1. 4 (a and b) Projection of the contents of the pyrochlore supercell for 0 _ z : , given in (a).
Projection of the contents of the pyrochlore supercellfor Y8 - A _ z _ % + A where A = x - 3/4 given in (b).
In (b) oxygen ions are drawn with a reduced radius when they are located directly above another oxygen
ion. The 0(1) coordinate x = 0.4130 is that of Y2Sn207 and shows a displacement of 0.40 A toward the
0(3) position, a site that is unoccupied in afully ordered pyrochlore structure.
1.3 Pyrochlore Structure
Fast-ion conducting pyrochlore materials having the formula A2B 20 7 are not only of
interest for their technological value, but also for their remarkable physical properties. Of
particular interest are disordering phenomena as these may occur in the anion
arrangement, the cation arrangement, or both.
The classic oxygen electrolyte, yttria-stabilized zirconia, is of the fluorite structure-type.
This Zr+41-y+3,02-y/2 composition has space group Fm3m. Many A2B 20 7 pyrochlores
completely disorder at high temperature and also take on a defect fluorite structure
(A,B)0 7/4. The zirconates in particular have been studied extensively with regard to this
order-disorder transition, although no agreement has been reached on exact temperatures
for the transition. Transition temperatures of 15300, 22000, and 23000 C have been
proposed for Gd2Zr20, Sm 2Zr20 7, and Nd2Zr20, respectively [25]. Uehara et al. [26] set
the transition temperature above 1600 0 C for Gd2Zr20, while Scheetz and White [27]
detected no superstructure intensities in the diffraction pattern for this material, despite
the fact that their sample was annealed at 14000 C. More recently, this phase has been the
focus of an in-situ measurement made using x-ray diffraction at elevated temperatures by
Meilicke and Haile [28]. They have confirmed that the order-disorder transition
temperature for Gd2Zr20 7 lies between 15000 and 15500 C.
The ordered pyrochlore type has the space group Fd3m and is a superstructure of the
fluorite structure type with a doubled cell edge, Figure 1.4. A large A3' cation and a
smaller B4+ ion order, respectively, in alternating rows along <110> in positions 16c at
000 and 16d at 2/2 respectively. Two independent anions, 0(1) and 0(2), occupy sites
48f at x'/' /,and 8a at 1/8l/s. An additional oxygen ion, 0(3), would be present in 8b at
%%% in a fluorite array, but the site is normally unoccupied in pyrochlore. This presents
a relatively easily accessible interstitial site for the formation of a Frenkel defect.
Some of the first important work in understanding the factors that control ordering in the
pyrochlore structure type was done on stannate [29] and titanate [30] pyrochlores by
Francois Brisse and Osvald Knop. In their extensive analysis of the stannate series,
A2Sn 20 7, they found that the ratio of the ionic radii of the A 3 ion to the Sn+4 ion, rather
than the chemistry of the A 3 ion, determines whether or not the pyrochlore structure is
stable. Specifically they found that the lower limit of the rA+3:rB+4 ratio was 1.40, set by
rLu+3:rs,+4 (based on Shannon ionic radii [31,32]), and the upper limit was 1.71, set by
rL+ 3:rsn+4 . Additionally, the variable positional parameter, x, for 0(1) was found to
increase with the size of A 3 . The A2Ti20 7 series gave slightly different stability limits for
the pyrochlore phase. The lower titanate limit determined was 1.54, set by
r(Lu0 .6Sc.4)+3:rTi+4, and the upper limit was 1.80, set by rsm+3:rTi+4. Again the positional
parameter, x, for 0(1) was found to increase with rA+3.
We can see a significant difference between the these two stability ranges. Below rA+3:rB+4
= 1.54, the titanate crystallizes in a defect fluorite structure. That is, the cation and anion
arrays disorder such that the two independent cation sites found in the pyrochlore
superstructure are each statistically populated by the A+3 and B" cations, and the three
independent anion sites become equivalent, where each is statistically populated by / 0.2
ion. The stannate, however, still prefers the pyrochlore structure until the radius ratio is
less than 1.40. The stannate thus has a stronger preference for the ordered structure than
the titanate. Vandenborre et al. have used infrared and RAMAN absorption spectra to
probe the nature of the bonding in rare-earth stannate and titanate pyrochlores [33]. They
find that the force constants for stretching tin-oxygen bonds are greater than for the
titanium-oxygen bonds, and that this increased strength is transferred to the rare-earth to
oxygen bonds. They attribute this difference to the greater electronegativity (according to
Pauling [34]) of Sn4+ cations relative to that of Ti4+ cations. These observations serve to
indicate that despite the importance of ionic radii, we must not overlook the chemistry of
the species when considering the design of a pyrochlore system.
A comprehensive analysis of the known pyrochlore structures was given in 1984 by
Chakoumakos [35]. Chakoumakos used a ratio, R, of the average A' 3-O2 to B+4-O-2 bond
lengths (as determined by the sum of ionic radii) to find an equation for the 0(1)
coordinate x. The bond lengths, also called interatomic distances, relative to the lattice
parameter are:
AA = AB = BB = /2/4, [1.2]
AO(1) = (x 2 - x/2 + 3/32)0.5 , [1.3]
AO(2)= 4/8, [1.4]
BO(1) = (x 2 - x + 9/32)0 .5 , [1.5]
0(1)O(1), = (2x 2 - 3/2x + 11/32)0. s , [1.6]
0(1)0(1)2 = ,f2(5/8 - x), [1.7]
0(1)0(2) = x - 1/8 , [1.8]
0(1)0(3) = 5/8 - x, [1.9]
where the two distances between 0(1) sites are: 0(1)0(1), for sites sharing an AB edge of
the coordination tetrahedra and O(1)O(1)2 for sites neighboring the same 0(3) site. Upon
comparison with the crystallographic data for 21 normal pyrochlores, he found this
equation to be systematically low by 0.005. We shall therefore add this value to his
equation as an empirical factor giving:
x = -0.746846 + 3.63005R - 5.0323R 2 + 3.57084R 3 - 1.09316R 4 + 0.051435R6 , [1.10]
where R = (/4AO(1) + 4AO(2)) / BO(1). From this analysis one may now calculate
predicted values for the x coordinate of O(1). A hard-sphere model would suggest that x
may be predicted by the AO(1) and BO(1) distances alone, but Chakoumakos reports that
reasonable results are obtained only from the weighted average of the A3+-O bond
lengths. In a structure field map (Fig. 1.5) he summarized the results of his study for
known A2B20 7 pyrochlores. This map of the mean B+4 versus A+3 radius of structurally-
characterized pyrochlores has contour lines of the statistical prediction for the lattice
parameter and x coordinate. This is a very useful tool for predicting two important
structural parameters for a pyrochlore yet to be characterized. Other useful stability field
maps as a function of cation radii for A2B20 7 pyrochlores are found in several sources
[36,6,2,5,22]. The most extensive review of pyrochlore materials that we are aware of,
that of Subramanian et al., includes a more comprehensive stability map [37].
Although the ideal pyrochlore phase has a 1:1 ratio of A3' to B4+ cations, small deviations
from this stoichiometry do not generally result in complete disordering of this phase.
Diffraction studies of quenched specimens from the yGdO1,5-(1-y)ZrO2 system have
shown that the pyrochlore phase is stable at 15000 C between y of 0.45 and 0.55 [38,39].
Some evidence for an extended region of pyrochlore stability to y of between 0.33 and
0.60 has been found. The samples displayed broad super-structure peaks [40,41,42],
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Figure 1. 5 Structure field map ofA3 + cation radius versus B4 + cation radius contoured with values of the
lattice constant, a, 0(1) coordinate, x, and radius ratio, rA/r B . The ionic radii of Shannon [31] are used
[34].
1.4 Ionic Conductivity for the Y2(SnyTily) 207, Gd2(SnyTil-y) 20 7,
Y2(ZryTil-y) 20 7, and (YlyCay) 2Ti2O7 Pyrochlores
It is useful to review the results that have been obtained previously for the ionic
conductivity, oi, of the systems of interest in the present thesis. In recent work by Tae-
Hwan Yu the conductivities of the Y2(SnyTil.,) 20 7 and Gd2(SnTi.y)20 7 phases have been
thoroughly characterized [5,43,44]. The conductivities for the Y2(ZryTi1-y)207, and
(Y,-yCay) 2Ti20 7 were similarly characterized previously [3,6,22]. Impedance
spectroscopy experiments were carried out on sintered bar samples at elevated-
temperatures and in controlled oxygen partial-pressures, P0 2 . The results were
interpreted by consideration of a defect model which predicted a P02 independent
plateau in conductivity as a function of P0 2 , that is due solely to ionic conduction.
The general expression for ionic conductivity is,
, = exp :i[1.11]
T I kT
where ao =(4e 2od 2 No exp[S,,/k]KF)2)/k, [1.12]
and y= geometrical factor
e = elementary charge
v= ion-jump attempt frequency
d= jump distance
NO = oxygen site concentration
Sm = migration entropy
KFO = pre-exponential factor of the Frenkel constant
k = Boltzmann constant [45].
The activation energy term Ei includes both a contribution from the enthalpy of Frenkel
defect formation and from the migration enthalpy in an intrinsic material: Ei = EF/2 +
Em. When an ionic conductor has been doped to a sufficiently high degree, the material
becomes an extrinsic conductor where Ei no longer has a contribution from the enthalpy
of Frenkel defect formation. In this regime, defects compensating for the charge
introduced by the aliovalent substitution of the dopant, oxygen vacancies [Vo"],
overwhelm those produced by a Frenkel reaction: 00 = Oi" + Vo". At high levels of
doping oxygen vacancies begin to associate with the dopant ions, effectively diminishing
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Figure 1. 6 Variation of the ionic conductivity of Y2(SnyTil.)207, Gd2(SnyTil.)207 and the
Y2(ZrTil .,207 at 10000 C. The systems are plotted against the unified scale of cation radius ratio rA/rB
of A2B207, where rB = yrSn + (1-y)*rTi for the stannate systems and rB = y-rZr + (1-y)'rTi for the
zirconate system. The conductivity of the stannate systems is generally similar, while that of the zirconate
is significantly greater.
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Figure 1. 7 Increase with temperature of the pre-
exponential factor for ionic conductivity of the
Y2(SnyTil-y)207, Gd2(SnyTil-y)207 and the
Y2(ZryTil-y)207 at 1000*C. The systems are
plotted against the unified scale of cation radius
ratio rA/rB of A2B207, where rB = y'rSn + (1-
y)orTifor the stannate systems and rB = Y-rZr + (1-
y)*rTi for the zirconate system. The factor is
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Figure 1. 8 Increase with temperature of the
activation energy for ionic conductivity of the
Y2(SnyTil.y)207, Gd2(SnyTil-y)207 and
Y2(ZryTil-y)207 systems. The systems are plotted
against the unified scale of cation radius ratio rA/rB
of A2B207, where rB = rSn + (1-y)*rTi for the
stannate systems and rB = y*rZr + (1-y)rTi for the
zirconate system. The activation energy of the
stannate systems increases in a similar fashion,
while that of the zirconate remains relatively
constant.
The ionic conductivities determined for the stannate substitution series were qualitatively
similar and generally less than those of for the zirconate substitution series. Figure 1.6
shows that the variation in ionic conductivity with Sn4' substitution at 10000 C is not great
for either the Y2(SnyTil-y) 207 and Gd2(SnyTi.y,)2O,. It is maximum at an intermediate
composition for both samples, and generally decreases at high Sn4 concentration. In
both cases this has been rationalized by a concurrent increase in Ei and a0 with
increasing y (Figs. 1.7 and 1.8). The primary difference between the two solid-solution
series is that ar0 is an order of magnitude greater for a given level of Sn4 substitution for
the yttrium based system. Yu has attributed this difference to the greater disorder in the
Y2(SnyTil.) 207 system. This was expected since the yttrium based system has rA+3 :rB+4
closer to the lower limit for pyrochlore stability stated by Brisse and Knop [29], below
which complete disorder is predicted. This prediction is born out for the Zr4+
substitution-series where the onset of complete disorder was set at y = 0.9 by Heremans
[1,2]. As a result, ao is generally much greater for the zirconates than the stannates. The
increase in disorder with y is reasoned to manifest itself as an increase in [Vo"] at all
temperatures, which is equivalent to an increase in KFO in equation 1.12, above. At high
Sn4+ concentrations, the systems display decreased ri as a result of increased Ei, while for
high Zr4+ concentrations, ai is approximately constant as a result of a more modest
increase in Ei.This activation energy is believed to be dominated by Em for y > 0.4, thus
the increase in Ei represents a decrease in oxygen vacancy mobility. It is further reasoned
that the limited polarizability of the Sn4+ ions with respect to the highly polarizable Ti4+
ions is largely responsible for the decreased mobility of charge carrying Vo'" with Sn4+
content, with reference to simulations done by Catlow [46,47]. The more modest
decrease in mobility of Vo'" with Zr4+ content is rationalized as resulting from defect
association or loss of the optimal pathways caused by cation disorder [6]. At y < 0.3, the
ionic conductivity for the Y2(ZrTi1.. )207 system is believed to result from extrinsic
control.
1.5 Relationships Between Structure and Ionic Conductivity in
Pyrochlore Systems
Structure-property relations are at the heart of materials science. A particularly vivid
illustration of such a relationship is that between crystal-structure and diffusivity or, in
our particular case, between state of disorder and conductivity. A mental picture of
oxygen-ions hopping into an equivalent vacant site through a bottle-neck arrangement of
cations is easily visualized. Experimental measurements of conductivity may be
rationalized by consideration of the vacancy population and the geometry of the relatively
immobile cation array. An excellent example of such a correlation between structure and
conductivity is given by Wuensch and Schioler for the NASICON system
Na+yZr 2SiyP 3,Ol2 [48]. In this system, a window described by oxygen ions between
neighboring sodium sites increases and then decreases in diameter with increasing
sodium content. The maximum in ionic-conductivity coincides with the Na' content for
which the window diameter exactly matches the ionic radius of sodium. An extensive
account of other structure-to-conductivity correlations is given by Cava [49].
The oxygen ion conductivity, ao, is given by the sum of the oxygen vacancy and
interstitial conductivities, however the 0(3) interstitial does not make a significant
contribution in pyrochlores. Formally, oai is the product of the concentration of charge
carriers [Vo"], their charge, 2q, and their mobility Rv. Thus cr, = [Vj" ]2q ,. We are
interested in tailoring the crystal structure to maximize [V*"] and jgv.
The oxygen vacancy concentration may result from the charge compensation of an
aliovalent dopant, from oxidation or reduction, or from intrinsic Frenkel disorder. The
Frenkel disorder is written as, Qo = + VJ', with an equilibrium constant
K, = [Vj ][O ] = KFo exp(-EF / kT). The Arrhenius constant, EF, is related primarily to
the elastic strain and Coulombic energy introduced in the structure on formation of the
vacancy/interstitial pair. Additionally, a vacancy bound to a static interstitial plays no
role in conduction, thus a term for the binding energy of the pair may be included in the
effective formation-energy, E, in consideration of the Frenkel-defect that may play a role
in ionic-conduction. One of the important early studies modeling this energy [50]
predicted that the Gd2Zr20 7 Frenkel defect consisted of a pair vacancies on two
neighboring 48f sites plus an interstitial on the 8b site with E, = 1.76 eV. A more recent
examination of this defect considered the probabilities of finding an oxygen ion or a
vacancy occupying each type of tetrahedral cation-hole, the corners of which are defined
by four Zr+4, four Gd+3, two Zr+4 and two Gd+3, three Zr+4 and one Gd+3, and three Gd+3
and one Zr+4. This confirmed the 48f vacancy 8b interstitial pair as the most important
Frenkel defect, but also found that the probability of finding this defect correlates
strongly with the degree of cation anti-site disorder [4]. As cation disorder increases in
this system, so too should anion disorder. Clearly, a fully-disordered A2B20 7 defect
fluorite structure contains the greatest concentration of intrinsic oxygen vacancies.
The high level of oxygen vacancies in the defect fluorite structure comes at a price,
however, in vacancy mobility. The thermal dependence of the mobility of the oxygen
vacancy depends primarily on the enthalpy of migration. This is related to the size,
stiffness, and coulombic repulsion at the bottle-neck in the conduction path. Van Dijk et
al. also examined this problem using pair-potentials including a shell-model for ion-ion
interactions [50]. The result of their calculations indicate that the primary oxygen
conduction path is based on 48f-48f jumps through the A-B tetrahedral edge. The
calculated barrier energy to this jump is 0.9 eV for the Gd2Zr20 7 system, which compares
very favorably with the barrier energy extracted from conductivity measurements [6].
Very recently Wilde and Catlow report static lattice energy minimization calculations and
molecular dynamics simulations that confirm the previous results of Van Dijk et al. They
find that gadolinium titanate, which is fully ordered, has a much lower migration enthalpy
than the corresponding partially-disordered zirconate. But they also demonstrate that in
intrinsic systems the formation energy for Frenkel defects dominates the thermal
dependence of conductivity [51,52]. Thus Gd2Zr20, is a better conductor than Gd2Ti20,.
Heremans has shown an excellent qualitative agreement between ionic-conductivity and
vacancy concentration on the 0(1) site for the Y2(ZrTi-y)207 system (Fig. 1.9). Aside
from a possible dependence on other material parameters that may vary with
composition, the magnitude of the conductivity should be proportional to the product of
the charge-carrier density and the number of vacant sites to which the charge carriers may
jump. This product is N(1-N) where N is the site occupancy of 0(1) determined by
Heremans using Rietveld analysis of neutron-diffraction data. One key materials
parameter, the activation energy for ionic conduction, remains relatively constant with
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Figure 1. 9 Ionic portion of the electrical conductivity of Y2(ZryTil-y)207 as a function of temperature
and the atomic fraction, y, of Zr4 + substituted for Ti4 +. The variation of the product of charge-carrier
concentration and vacancy concentration N(1-N) is included in the plot, where N is taken as the site
occupancy of the 0(1) site at 48f The change of this product with y provides a qualitative explanation for
the relative dependence of conductivity on composition.
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1.6 Synthesis Routes: Liquid Mix (Pechini) and Solid-State Reaction
Two synthesis routes were used and compared in research described in this thesis: liquid-
mix and solid-state reaction routes. In the solid-state reaction route, powders of oxide or
carbonate precursors were mixed together in stoichiometric proportion. The mixture was
then ground with an agate mortar and pestle until it was fine enough to pass through a
0.75gtm sieve. The resulting powder was heated in an alumina crucible to greater than
10000 C for between 12 to 24 hours. Often the quality of the powder after one heating
was not satisfactory due to evidence from x-ray diffraction of either a small portion of a
minor phase in addition to the pyrochlore phase or broad superstructure maxima. Thus
the powders were typically ground again, and heated for another 12 to 24 hours. The
details for each system are given in the respective chapters.
The liquid-mix route was first developed by Pechini in 1967 [53]. It has been used for
some years in the synthesis of pyrochlore compounds [6,22,5]. The Pechini process is
believed to produce phases having multiple cations with relative homogeneity resulting
from the near atomic-scale mixing. Metal-organic precursor compounds are dissolved in
a citric acid-ethylene glycol mixture. Polybasic chelates are formed from the metal-
organic compound and the citric acid. Stock solutions of metal-citrates were made for
each component metal and assayed. The solutions were mixed together in appropriate
proportions to produce the pyrochlore stoichiometry of interest, forming a new solution
by mixing for several hours at -100 0 C. Upon modest heating below 2000 C, excess
alcohol was driven from the solution and the chelates underwent polyestherification. The
resulting polymer resin is believed to contain the metal atoms bonded through oxygen to
organic radicals comprising a cross-linked network. The resin was charred at 5000 C for
12 hours to burn off the organic material and form a powder. The resulting powder was
typically comprised of sparkling flakes of about 1 mm in width, but very much thinner
than 1 mm. This powder generally was within 10% of the expected mass, the excess
assumed to be remaining organics. X-ray diffraction always showed that this powder was
amorphous. The powder was calcined above 1000 0 C to form pyrochlore. This heating
required a minimum of 12 hours. Heating for less time, or at slightly reduced
temperature, generally produced a powder with peaks much broader for the superstructure
than for the substructure in the x-ray diffraction profile. Powders were generally heated
at a greater temperature to guarantee that low temperature kinetics did not dictate the
structure formed.
1.7 Rietveld Analysis
Until 1969, powder diffraction methods were primarily used to identify phases by
comparing the pattern produced by a sample of unknown composition with those of
samples with a known single-phase composition, or for measuring lattice constants. A
single-crystal experiment was necessary for determination of structural parameters such
as atomic coordinates, site occupancies, and temperature-factors. The obstacle to
extracting such information from a powder pattern was the overlap of intensities hkl,
particularly for high angle. The overlap makes ambiguous the determination of the
majority of structure factors from the detectable intensities. In 1969, Rietveld suggested
a new method for refining an approximately-known crystal-structure from powder data
[62]. Rather than fitting observed and calculated structure factors, which would require a
partitioning of the observed intensity into its component intensities for each contributing
hkl, he suggested that the powder-profile could be fit point-by-point as a function of 20.
Integrated intensities could subsequently be calculated , if desired, based on the initial
approximate model for the structure, a fit of the background, and on known parameters of
the diffractometer.
In recent years, reports giving crystal-structures by way of the Rietveld method have
greatly outnumbered those from single-crystal experiments. This is largely the result of
the ever-increasing speed of computers. Improvements in modeling instrumental,
background, and sample dependent contributions to the powder-profiles have been rapid
and extensive. The new formalisms incorporated in the state-of-the-art programs for
Rietveld analysis are often available before they are published, and sometimes they go
unpublished. Today several excellent programs are freely available for Rietveld
refinement, such as GSAS [54] and FAT-RIETAN[55]. A complete listing of programs
for Rietveld analysis is maintained by Cranswick [56].
These programs are not designed to be run by someone not trained in crystallography. In
fact, without proper care, the results can be nonsense. An excellent source for getting
started in understanding how to use Rietveld analysis is a book edited by Young [57].
With a good background understanding in crystallography, one may achieve a successful
structure refinement by following one simple rule: always refine the parameters that are
causing the greatest error first. In the initial model, it is highly unlikely that the scale
factor or the parameters describing the background would be anywhere near their values
for best-fit. As such, they should be refined first. Next, the initial estimate of lattice
parameters is probably visibly in error. An examination of the fitted-pattern, together
with a plot showing the difference between observed and calculated intensities, will
generally show large resulting errors. By inspection, the initial model may be improved
by calculating new lattice constants from the observed errors in the fit of the powder-
profile and input in the model. Subsequently, they should be refined together with the
background and scale factor. The general rule as one proceeds further is to continue to
refine parameters along with the additional ones added to the refinement at each stage.
An exception to this rule is made when the refinement of one or more parameters is
known to be highly correlated. Such a problem will be obvious in that the correlated
parameters will have relatively large shifts for each cycle in the refinement that occur
together, resulting in the divergence of the goodness-of-fit. Also, a correlation matrix can
generally be examined. One generally continues by refining the peak-shape and other
overall parameters, such as the zero point for the diffractometer, before refining the
atomic parameters. The optimal strategy for each specific powder-profile will be
different, however, making experience the best teacher.
1.8 Summary
We have used Rietveld analysis to determine the state of order in both the cation
and anion arrays in fast-ion conducting pyrochlore solid-solutions as a function of
composition, temperature, and oxygen partial-pressure. Our objectives were
determination of whether a regular modulation of the cation radius ratio may be used to
control the degree of disorder, whether the cation and anion disorder proceed
independently as a function of temperature and composition or are coupled, whether the
distributions determined under ambient conditions truly reflect the state of order at the
temperature from which the samples were quenched, and whether aliovalent substitution
induces charge-compensating oxygen vacancies on specific anion sites.
2 Persistent Order in the Y2(SnyTil-y) 207 Pyrochlore
System Determined by Rietveld Analysis of Neutron
Diffraction Data
2.1 Introduction
Conductivity measurements have recently been extended to three additional pyrochlore
systems: Gd2(SnyTil.) 207, Gd2(ZrSnl.,)207, and Y2(SnrTil.y) 2 7O [5,43]. These systems
were selected for study because the ionic radius of Sn 4+' is intermediate to those of Ti4+
and Zr4+ (0.690, 0.605, and 0.72 A respectively [32]). The experiments were designed to
determine whether the state of structural disorder and accompanying electrical behavior
were indeed determined by the relative ionic radii of the cations residing in the A and B
sites. Results rather different from the Zr-Ti solid-solutions were determined for the
dependence of conductivity on Sn content. The ionic conductivity of Sn-Ti solid-
solutions is, namely, at least an order of magnitude less than the Zr-Ti solid-solutions.
Structures have been determined in the present work for Y2(SnyTil.,) 207 solid solutions
using Rietveld analysis of neutron powder diffraction data. High signal-to-noise ratios
could be achieved for this yttrium pyrochlore series with neutron diffraction because of
the low absorption cross-section for neutrons of yttrium relative to that of gadolinium
(1.28 and 49,700 barns respectively [58,59]). Our aim was to try to explain the difference
in ionic conductivity between Y2(ZryTi.,) 207 and Y2(SnyTi.y) 207 with the difference in
structural characteristics between the two systems. For direct comparison among these
two systems of the effect of the 3+ to 4+ cation radius ratio on the structures, a set of
compositions for Y2(SnTil.) 207 was chosen to approximately match the average radius
of the cations occupying the B site to that of the Y2(ZrTil.) 207, in the work of Heremans
et al. [1]. Additionally, our objective was to examine the dependence of structural
characteristics on synthesis method. To this end two additional samples were synthesized
by conventional solid-state reaction and measured for comparison to a series of samples
synthesized by the Pechini Method [53].
2.2 Experimental
Powders of Y2(SnrTil.,) 207 (y = 0.00, 0.40, 0.60, 0.85, and 1.00) were prepared using two
different techniques: a liquid-mix procedure and solid-state reaction. The liquid-mix
technique was derived from the basic concept in the Pechini process [53], however, other
precursors were employed. The precursors used were Y2(CO3)393H 20 (Alfa, 99.9%),
SnC2HsO (Alfa, 99.99%) and TiC3HO (Alfa, 99.9%). Each precursor was dissolved into
a separate mixture of citric acid and ethylene glycol at slightly elevated temperatures (600
to 800 C) under continuous stirring. Each solution was dried and calcined at 1050 0 C to
form a metal oxide, identified by x-ray diffraction to be single phase Y20 3, SnO2, and
TiO2, respectively. For synthesis of the pyrochlore phase, the appropriate masses of each
solution were mixed together under continuous stirring and heating. The cation chelate
underwent polyestherification at temperatures in the range 150-2000 C to form a
polymeric glass. This resin was then charred in a furnace at 5000 C for 12 hours. The fine
powder product was post-treated at 13000 C for 12 hours and at 15000 C for 20 hours. For
comparison, two samples in the series (y = 0.85 and y = 1.00) were also prepared by the
more conventional solid-state reaction route. The starting materials were Y2(CO3)3o3H 20
(Alfa, 99.9%), SnO2 (Baker, 99.9%), and TiO2 (Baker, 99.9%). The precursors were
ground together and heated at 12000 C for 12 hours, then reground and heated to 1550 0 C
for 72 hours. All samples were cooled in the furnace at 50C/minute.
All samples were analyzed with both x-ray and neutron powder diffraction. The x-ray
diffraction data were collected with a Rigaku RU300 diffractometer using CuKl.-radiation
produced by an 18kW rotating-anode generator. Continuous scans were collected in the
range 5-100' in 20 at 50/minute for phase analysis. Neutron powder diffraction data for
the structure refinements were collected at the research Reactor at the National Institute
of Standards and Technology at Gaithersburg, MD, at a temperature of 220 C. The
neutron diffractometer is equipped with a bank of 32-detectors separated by an angle of
50 in 20. The neutron beam was monochromated by reflection from the (311) of a copper
single crystal to provide thermal neutrons of wavelength 1.5396A. Intensity data were
collected for all samples between 4.80 and 1650, by a step-scan of the detector bank over
100 using steps of 0.050 in 20. The measured intensities for each bank of detectors was
combined to simulate the profile that would result from a single bank. Appropriate
standard deviations from counting statistics were preserved for each intensity datum. The
angle-dependent Lorentz factor was corrected for in the simulated profile prior to
Rietveld refinement.
2.3 Refinement of the Structures
Information on the perturbations of the fluorite substructure that result in the formation of
the pyrochlore superstructure is contained solely in the set of weak superstructure
diffraction maxima. Such intensities contain contributions from (a) the difference in
average scattering power of the species occupying the A and B sites, (b) the distribution
of scattering power among the three independent anion sites: 0(1), 0(2) and the
normally-vacant 0(3) sites, and (c) the magnitude of the displacement of the 0(1) atom in
position 48fx '/'/8 from its ideal location at x = 3/. All three contributions approach zero
as the structure approaches a highly-disordered state.
Two other complications are associated with analysis of the pyrochlore superstructure.
Both the anion and cation arrays experience disorder. Thus, the occupancy of no site in
the structure is known at the outset. Secondly, it is not possible to determine for any solid
solution, using a single set of diffraction data, the distribution of three or more chemical
species over two crystallographically-independent sites. All that can be determined, even
in a refinement with occupancies constrained to the known chemical composition, is a
measure of the average scattering-density in each site and not a unique distribution of
species that might provide that density [1,60].
A strategy devised by Haile and Wuensch [60] for analyzing this problematic structure
was employed in the present work. That strategy is based on the fact that all ions occupy
special positions in the space group. Each intensity maximum may consequently be
identified as a member of one of four classes: two classes of maxima among the fluorite
substructure, and two classes among the complement set of superstructure maxima. The
two classes of substructure maxima are a first which contains contributions from only the
cation array (call this set F-C), and a second which contains contributions from both the
cation and the anion arrays (F-C/O). Both of these classes, as stated above, contain no
information on the superstructure. The two classes of complement superstructure
maxima are a first which contains contributions from only the oxygen ions (P-O), and a
second which contains contributions from both the anion and cation arrays (P-C/O).
Refinement of structural parameters in stages, using a profile with all but the maxima
necessary to refine the appropriate set of parameters, minimizes the otherwise strong
correlations among the parameters.
In the final stage of this strategy the complete powder-profile is used to refine all of the
structural parameters. Just prior to this stage, only the complement superstructure maxima
are used to refine all structural parameters except the scale factor. The scale factor, along
with the lattice parameter and a coefficient for the average isotropic temperature-factor of
the cations, is refined using only the class F-C. Thereafter the scale factor is fixed. The
expectation is that the restoration of the substructure maxima to the powder-profile
should reduce the refinement residuals because these maxima are intense, thus have low
standard deviations, and depend only upon the average substructure. First attempts
produced strikingly opposite results, in that the residuals soared to sometimes 20% from a
value generally close to 5%. A possible explanation was that temperature-factor
coefficients for the cation array drifted significantly from the average isotropic
temperature-factor coefficient refined with just the F-C class of maxima. Therefore, the
average of the isotropic temperature-factor coefficients, refined independently for the A
and B sites, were constrained to the value obtained from just the F-C class during
refinements using just the superstructure maxima. This solved the problem. When the
substructure maxima were restored, the scale factor was first maintained fixed. No
parameter changed significantly from its value determined using only the superstructure
maxima and the residuals improved. Second, the scale factor was refined in the final
cycles, and it did not change significantly from its F-C value. Despite observing no
significant change in parameters on inclusion of the substructure reflections, the
estimated standard deviations for the structural parameters decreased. This is critical for
refinement of partial disorder in this structure as we would like to determine occupancies
to a precision of 1% for both cations and anions.
Neutron powder diffraction is advantageous in analysis of the Y2(SnyTil.,) 2O,. Oxygen is
a stronger scatterer (bo = 0.5805*10-12cm) relative to the cations than is the case with x-
rays. Moreover, the scattering length of Ti is negative for thermal neutrons, providing
unusually large contrast between scattering from the atoms that occupy the cation sites
(bTi = -0.3438, by = 0.775, and bs, = 0.6228 .10- 12cm [61]). It is evident, Fig. 2.1, that the
most intense maxima for the pure yttrium titanate are members of the complement
superstructure set. As y increases, however, the substructure intensities grow larger than
those of the complement superstructure. Note that the maxima solely due to the anion
array are significant for all compositions. The contributions to the superstructure
intensities for all three of the perturbations listed above are, accordingly, much larger for
neutrons than for x-rays and it was possible to analyze partially disordered states with
precision - especially the behavior of the oxygen ions.
The structural models were fitted to the neutron powder diffractograms using the Rietveld
technique [62] as implemented in the software package GSAS (General Structure
Analysis System) Version 6 for the PC [54]. A total of 18 instrumental parameters were
employed in description of the profile: the zero-point in 20, 12 background parameters in
a cosine Fourier series
12
Ib = B, + Bj cos(P(j - 1)), [2.1]
j=2
where the Bj are the refineable parameters and P is the detector position in centidegrees
20, and 5 peak-shape parameters, GU, GV, GW, LX, and As, used in a pseudo-Voigt
function [63,64,65]. The first three are coefficients to describe the Gaussian part of the
peak-shape and LX is a Lorentzian contribution to the peak-shape, which has a full width
at half-maximum that increases with 0. The last term As describes the increasing
asymmetry of the peak-shape with decreasing 0. This background function, the number
of parameters, this peak-shape function, and the particular parameters used in the final
refinement were chosen based on a trial of all the available functions and parameters.
In the initial refinement a total of 14 structural parameters were used to describe each
structure: a scale factor, the lattice constant, the x coordinate for 0(1), the scattering
power of one cation site, one dependent and two independent site occupancies for 0(1),
0(2) and 0(3), and a total of eight anisotropic temperature-factor coefficients. Isotropic
temperature-factors were assigned to all atoms in the early stages of the refinement.
Since the occupancy of 0(3) was very slight, the temperature-factor for this site was
constrained to be equivalent to the temperature-factor of its nearest-neighbor, B4+. The
isotropic factors were replaced by anisotropic temperature-factors for 0(1) and A in the
final stages of the refinement. An attempt at fixing the isotropic temperature-factor of
0(3) and refining an anisotropic temperature-factor for B did not improve the fit.
A new constraint available in this version of GSAS was made on the sum of the three
oxygen site occupancies - the chemical constraint. In this "soft constraint" an observed
data point is defined for the number of oxygen ions in the unit cell, in this case 56 for
charge-neutrality, along with an estimated standard deviation giving the precision of that
number. We estimated a precision, 0.04, based on the precision in the stoichiometry of
the cations from the synthesis method, under the assumption that yttrium, titanium and tin
are strictly 3+, 4+, and 4+ ions. A factor must also be defined for this constraint which
gives the weight of this additional observed data point, here 56, relative to the observed
intensity data in proportion to its contribution to the goodness-of-fit X2. It is not clear
how this factor should be determined, but in practice some tendencies were discovered.
Generally, changes in the factor only effected the refinement when they were changes in
order of magnitude. When the factor was too small, the calculated sum of oxygen ions in
the unit cell tended to deviate greatly from 56. When the factor was too large, either the
sum changed rapidly, causing the refinement to diverge, or some of the oxygen
occupancies did not shift at all, yielding no standard deviations for those occupancies.
During the progress of refinement it was generally found that this factor could be reduced
as the residuals were reduced, without causing the calculated sum to deviate greatly from
56. In the final cycles of refinement, this weighting factor was set at 10" and the
contribution of this constraint to X2 was less than 0.1% of X2. It was found that during
these final cycles, a change in this factor by an order of magnitude had no effect of the
residuals, the oxygen occupancies, or their estimated standard deviations.
Since this was a new option in GSAS, and since there was some uncertainty about the
effect of the weighting factor, refinements were also carried out for each composition
with another Reitveld program. Using the NIST Rietveld program, modified by Prince
and Stalick, the sum of the three oxygen site occupancies were strictly constrained to
yield 56 oxygen atoms per unit cell [66]. Refining the same structural parameters, the
same peak-shape parameters (except that no Lorentzian contribution was included), and a
Chebychev polynomial function for the background, yielded results that differed from the
GSAS refinements by less than a standard deviation. The residuals (ReBgg of 2.4 to 5.3 %
and R, of 8.22 to 14.4 %), were, however, not as low as those for GSAS (RBmgg of 1.6 to
5.3 % and Rw of 5.5 to 9.3 %). The results obtained for GSAS are thus reported, with
modifications described in the following paragraph.
In the final cycles of the refinements, occupancies which did not deviate beyond a
standard deviation from unity were fixed. The occupancy of the 0(1) site for all
compositions was found to deviate either above or below unity by an insignificant
magnitude as follows: for y = {0.00, 0.40, 0.60, 0.85, 1.00, 0.85 solid-state, and 1.00
solid-state} the occupancies were (in the format "occupancy(standard deviation)" used
throughout this text) 0.998(1), 1.004(1), 1.005(2), 1.001(2), 1.002(3), 0.998(3), and
0.997(0.002), respectively. In the final cycles the 0(1) occupancy was fixed at unity, but
the occupancies of 0(2) and 0(3) were refined under the constraint that the total number
of oxygen ions per unit cell is 56. After the 0(1) occupancy was fixed at unity, it was
observed that the occupancy of Y3 in the A site, [YA] , was either insignificantly less than
unity or nonsensically greater than unity for y = {0.00, 0.40, and 0.60}, with a maximum
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Figure 2. 1 Powder-difraction patterns obtained with 1.5396 A thermal neutrons for Y2(SnyTil.y)207
samples with y = 0.00, 0.40, 0.60, 0.85, and 1.00. A low-angle and high-angle region are displayed on
independent scales. Experimental intensities are shown as data points and continuous lines through the
data points represent the fitted profiles. The diference between the observed and calculated intensity is
plotted on the same scale and displaced below zero for each profile. Two sets of hash marks indicate peak
positions between the difference-line and the intensity data: the lower marks all superstructure peaks
arising for an atom in the general position for Fd3m and the upper marks all substructure peaks arising for
an atom in the general position for Fm3m. The hkd for each non-zero pyrochlore phase maximum is given
for y = 0.00. The letter C marks those maxima having only contributions from the cations and the letter 0
those to which only the anions contribute.
Table 2. 1. Values of the Lattice Constant, Atomic Coordinates, Site Occupancies, and Anisotropic
Temperature-Factor Coefficients, Peak Shape, and Residuals for the Y2(SnTily)20,7 phase. The two
compositions marked "s" were synthesized by solid-state reaction; the rest were synthesized by a
liquid-mix route.
Site y = 0.00 0.40 0.60 0.85 1.00 0.85 s 1.00 s
a (A) 10.0985(1) 10.2065(1) 10.2663(2) 10.3317(1) 10.3747(2) 10.3462(3) 10.3796(1)
0(1) in 48f mm x 1/8 1/8
NO(l) 1.00 1.00 1.00 1.00 1.00 1.00 1.00
x 0.42074(7) 0.41780(6) 0.41628(7) 0.41441(7) 0.4130(1) 0.4137(1) 0.41318(8)
u11<100>a 0.0072(3) 0.0121(2) 0.0134(3) 0.0115(3) 0.0098(5) 0.0137(5) 0.0095(4)
u22<011> 0.0028(4) 0.0069(3) 0.0064(3) 0.0050(3) 0.0027(5) 0.0059(5) 0.0023(3)
u33<0-11> 0.0069(4) 0.0099(3) 0.0113(3) 0.0100(3) 0.0089(5) 0.0124(5) 0.0078(3)
0(2) in 8a -43m 1/8 1/8
1/8
NO(2) 0.992(4) 0.995(4) 0.987(5) 0.996(5) 0.997(9) 1.009(8) 1.010(7)
uiso  0.0043(4) 0.0049(3) 0.0051(5) 0.0066(5) 0.0057(8) 0.0102(8) 0.0059(6)
0(3) in 8b -43m 3/8 3/8
3/8
NO(3) 0.008(4) 0.005(4) 0.013(5) 0.004(5) 0.003(9) -0.009(8) -0.010(7)
Uiso 0.0047(3) 0.0064(2) 0.0055(5) 0.0055(4) 0.0050(6) 0.0033(7) 0.0022(4)
Ain 16c-3m 0 0
Ny = YA] 1.00 1.00 1.00 0.989(1) 0.88(4) 0.98(2) 0.96(3)
ull' 11> 0.0039(5) 0.0055(3) 0.0058(4) 0.0049(5) 0.0018(9) 0.0044(8) 0.0033(7)
u22<-110>=<-1-12> 0.0094(4) 0.0105(3) 0.0104(3) 0.0100(4) 0.0070(6) 0.0119(6) 0.0073(4)
B in 16d-3m '/2/2'
Uiso 0.0047(3) 0.0064(2) 0.0055(5) 0.0055(4) 0.0050(6) 0.0033(7) 0.0022(4)
Peak Shape
GU 226(3) 249(3) 227(3) 225(3) 235(5) 288(7) 221(3)
GV -270(6) -278(5) -257(6) -268(5) -279(9) -266(12) -243(6)
GW 162(3) 164(2) 149(3) 159(2) 167(4) 152(5) 147(3)
LX 2.3(1) 1.28(8) 2.5(1) 1.57(8) 3.2(1) 6.4(2) 1.61(9)
Asymmetry 6.2(3) 5.2(3) 3.3(4) 4.6(3) 5.6(6) 0.9(6) 9.9(4)
Zero -1.4(2) -2.2(1) -2.8(2) -3.6(2) -2.8(3) -3.5(3) -0.9(2)
Reflection Residuals
Rp (%)b 5.41 4.28 5.14 5.03 7.17 6.55 6.70
Rwp (%)c 6.77 5.55 6.78 6.47 9.20 9.27 8.23
22 d 1.164 1.317 1.259 1.746 1.172 2.694 1.717
expected Rwp (%)e 6.31 4.86 6.07 4.92 8.54 5.67 6.31
RBragg (%), Nobsf 2.20, 74 1.68, 79 5.29, 80 1.58, 80 4.36, 84 4.32, 83 4.56, 84
Note. Standard deviations are in parentheses.
a The temperature factor is defined as: exp[-2;r2 (ull h2a*2 +...+ul2hka*2 +...)]. The coefficients listed have been
diagonalized along the crystallographic directions given as <hkl>.
b Rp = I I Yi(obs)-Yi(cal)I /ZYi(obs) , where Yi is the intensity at 20.
c Rwp = {wi[ Yi(obs)-Yi(cal)l /XwiYi(obs) )'2, where w is the weight assigned to I in proportion to the reciprocal
of the square of its standard deviation.
d ?2 = [Rw(lo-Ic)2 ] / (No-Nv), where No is the number of intensity observations and Nv is the number of variables
refined.
e expected Rwp = Rwp / (2)/, is lowest Rwp that can be expected from the refinement.
f RBragg = lIIb(obs)-Ib(cal) /IIb(obs) , where Ib is the integrated intensity of the individual Bragg peak, Nobs is
the number of Bragg peaks observed.
2.4 Results and Discussion
The intensities in the powder-diffraction profiles are shown in representative patterns as
discrete points for the complete set of compositions synthesized by the liquid-mix route
in Fig. 2.1. Calculated fits to these intensities derived as described above, shown as
continuous lines, provided the structural parameters of Table 2.1. The patterns consist
largely of sharp, well-separated peaks.
showing the difference of the observed
same scale. The small deviation of the
appear to systematically depend on the
difference-line apart from those at the
indicates that our assumption that these
no significant anisotropic particle-size 4
compositions consisted of a baseline at
Below each profile is a second continuous line
minus the calculated intensities plotted to the
difference-line at a reflection position does not
class of that reflection. Also, deviations in the
reflection positions appear to be noise. This
patterns result from a single-phase material with
or strain was sound. The background for all
approximately 30 to 100 counts with three long
undulations in the range of 300 to 1400 in 20 of approximately 20% of the baseline.
Below 300 and above 1400 in 20 the background rose to maxima of generally 160% and
300%, respectively, of the baseline.
2.4.1 Variation of Atomic Coordinates with Composition
The lattice parameter as a function of increasing content, y, of the larger Sn4 , Fig. 2.2,
increases linearly in accord with Vegard's Law. A linear-regression on the lattice
constants using standard deviations of the individual lattice constants as weights provides
the relation
a(A) = 10.098(1) + 0.276(3)y, [2.2]
with R = 0.99987. The samples from the solid-state synthesis deviate visibly from this
line. The deviations for the liquid-mix samples are an order of magnitude greater than the
estimated standard deviations for the individual lattice parameters. These deviations
most likely result from small differences between the actual and nominal composition of
the samples. The larger differences in composition for the solid-state samples evidenced
by their lattice parameters, is the likely source for their other structural deviations from
the liquid-mix samples.
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Figure 2. 2 Variation of the pyrochlore lattice Figure 2. 3 Displacement with increasing Sn4 +
constant with composition y. Data from liquid-mix content, y, of the 0(1) coordinate x. A line resulting
synthesized samples are plotted as squares and fitted from a regression on the data from liquid-mix
using the standard deviations for weighting. samples, plotted as squares using the standard
Displaced from the line resulting from this deviations for weighting. The dashed line above the
regression are data from the solid-state synthesized data results from the prediction suggested by
samples plotted as triangles. Chakoumakos [35]. Data from the solid-state
samples are plotted as triangles.
A linear decrease is observed with increasing y for the one free fractional coordinate in
the structure, x, for 0(1), Fig. 2.3. A linear-regression on the 0(1) coordinates using
standard deviations of the individual coordinates, x, as weights yields the relation
x = 0.4209(1) - 0.0077(2)y, [2.3]
with R = -0.99883. The deviation from this line of an individual composition is
approximately twice that of the standard deviation for that composition. The solid-state
sample, y = 0.85, is particularly deviant from the trend. It is satisfying to note that a
correction for the differences in actual from nominal composition for individual samples,
noted above concerning the deviations from Vegard's law, would also smooth the linear
trend observed for x. In fact, if we suppose that the compositional differences are in the
Sn:Ti ratio alone, and we neglect the x coordinate observed for y = 1.00 (since significant
cation disorder is found for this sample), linear regression on x for the four remaining
observations with adjusted compositions y = {0.000, 0.393, 0.610, 0.847} improves our
fit yielding a residual of R = -0.99946.
It is instructive to compare theoretical predictions of these two atomic coordinates with
the observed values. Chakoumakos [35] derived a function predicting the coordinate, x,
as a function of the ratio of the mean cubic to octahedral bond lengths, R, which is
defined by equation [1.10]. The prediction is a function only of Shannon ionic radii, r
[32]. The resulting predicted set of coordinates for x lie 0.8% above the observed values
and decrease more rapidly with y.
In the set of predicted coordinates we have ignored the fact that the shortest second
nearest-neighbor distance, O(1)O(1)1, is less than twice the Shannon radius for 02iv for all
compositions. The maximum anion separation is achieved for x = 0.4375, thus we expect
that repulsion between nearest anions would increase x from our predicted values.
Madelung energies are minimized [67,68,69] for (A3') 2(B4+)20, pyrochlores when x =
0.443, however no examples of pyrochlores of this type have been reported with x >
0.4375. The coordinates for Y2Ti20 7 have been calculated using a pair-potential model,
including energy terms for electron-overlap repulsion between ions and van der Waals
attractive interactions, by Wilde and Catlow in unpublished work [51] , in the form
E(r)= . +A. exp - + CU  [2.4]
where the interaction is between atoms i andj, qi and qj are the charges, Aij, Piyj, and CU',
are the parameters that only depend on the type of ions, and rij is the distance between the
ions. Their calculated values of 0.4215 and 9.9592A for x and a are both different from
the present observed values by only 1% when the fractional coordinate x is converted to
an absolute coordinate. A similar set of values from calculations for Y2 Sn20 7 could not
be found, nor could self-consistent values be found for the empirical parameters A, p, and
C for this system of ion-pairs.
On comparison to the coordinates x for the Y2(ZrTil.) 207 system [1] which continuously
disorders with y, we find striking evidence for persistent structural order in
Y2(SnyTi-.y) 207, Fig. 2.4. On a scale of average cation radius for the B site, which is
statistically occupied by y Sn 4+ and (1 - y) Ti4+, the coordinate x for the Y2(ZrTi,,)20, is
shown decreasing parabolically to 0.375 for y = 0.90, its position in the defect-fluorite
structure. This trend results from increasing disorder among both the cation and anion
arrays. Partial disorder among the cation array would increase the average radius of the
cations occupying the B site at the expense of the A site, effectively decreasing the x
coordinate of 0(1). Partial disorder among the anion array would also decrease the x
coordinate of 0(1) as the normally vacant 0(3) site, lying in the positive x direction,
would be partially occupied. The linear trend, explained approximately by geometric
models for a completely ordered pyrochlore above, is strong evidence for persistent order
in Y2(SnyTi.,y) 207 solid-solutions. Thus, the relative size of the A3+ to B4+ alone does not
govern the formation of the pyrochlore as opposed to fluorite structure. A difference in
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Figure 2. 4 A comparison for the 0(1) coordinate x as a function of mean B4 + ionic radius between the
Y2(SnyTil-y)207 and the Y2(ZryTil-y)207 systems, shown as squares and triangles respectively. The
coordinate x for the zirconate system relaxes parabolically towards the ideal position of an undistorted
cubic array of anions found in the fluorite structure, showing that system's continuous increase in disorder
with substitution of the larger Zr4 + ion. In contrast, the 0(1) coordinate x for the stannate system follows
a linear trend explained by the geometry of a fully ordered pyrochlore, despite having a comparable B4 +
mean radius.
2.4.2 Changes in Disorder with Sn Content
It was determined in the initial stages of the refinement that the occupancies of 0(1) and
of yttrium on the A site, [YA], did not significantly deviate from unity for y = 0.00, 0.40
and 0.60, respectively. Figure 2.5 presents the disorder in occupancies modeled for the
normally unoccupied 0(3) site. The occupancies of 0(2) and 0(3) are constrained to add
to unity for this refinement. The occupancy of 0(3) is shown to be just greater than 0.00,
with a maximum of 0.013 for y = 0.60. This is just significantly greater than 0.00 as the
standard deviation is 0.005, thus relatively slight disorder is observed in the anion array
for Y2(SnyTil.,) 20, while the Y2(ZrTil-y)207 system [1] displays drastic disorder among
the anion array for compositions having a nearly equivalent average B4+ radius. It is
surprising that any disorder may be modeled in a pyrochlore without considering a
depletion in 0(1) occupancy. For the Y2(ZryTil-y) 20 7 system 0(2) remained at full
occupancy while the occupancy of 0(1) depleted to fill the 0(3) site for y = {0.30 and
0.45}. Also, calculations for Y2(ZryTi1_y) 20 7 and Gd2(ZryTi,-_) 20 7 have found that a
vacancy on the 0(1) site is energetically favorable to a vacancy on the 0(2) site [50,51].
This is another apparent difference between the stannates and the zirconates. The
nonsensical negative deviations from complete order among the anion array for the
samples synthesized via solid-state reaction, are statistically insignificant, and serve as
another indication for their probable difference in actual from nominal composition.
The temperature-factor coefficients model both the static positional disorder inherent in a
solid-solution, and the thermal vibration of the atoms about their equilibrium positions. It
may been seen, Fig. 2.6, that these coefficients are greater for the solid-solution
compositions than for the end-members. Since a particular oxygen ion in an 0(1)
position may have either two larger Sn4+ or two smaller Ti4+ neighbors, that ion's
particular equilibrium position will be shifted from the average position observed by
diffraction techniques of all anions occupying the 0(1) site. There are important trends in
the thermal vibration of oxygen ions in the 0(1) site as well. The three crystallographic
directions for which this tensor, ugj, may be diagnolized are <100> in which 0(1) is
shifted towards the normally vacant 0(3) site, <011> which is in the plane of the B4+
cations coordinated to 0(1), and <0-11> which is in the plane of the A3" cations
coordinated to 0(1). That the coefficients u<100> and u<011> are both greatly elevated
for the solid-solution compositions is explained by the fact that a statistical occupation of
the B site by Ti4+ and Sn4+ would induce deviations in the local equilibrium position the
02. nearest-neighbor along primarily the <100> and <011> directions. The effect of
having a solid-solution does not explain the elevated values of u<0-l 1> for the
intermediate compositions. This may indicate, alternatively, a softening of the structure
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Figure 2. 5 Change in occupancy of the normally
unoccupied 0(3) site with increasing Sn 4 + content
of the pyrochlore solid-solutions. Data from the
liquid-mix samples are plotted as squares and data
from solid-state samples as triangles together with
error-bars giving plus and minus one standard
deviation. Occupancy of 0(1) was not found to
deviate significantly from unity, thus the occupancy
of 0(3) was constrained to equal one minus the
occupancy of 0(2). Deviation from occupancies of
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Figure 2. 6 Variation with Sn4 + content, y, of the
anisotropic temperature coefficients, uij, for 0(1)
diagonalized along the principle directions <100>,
<0-11>, and <011>, shown as squares, triangles,
and circles respectively. Data from liquid-mix and
solid-state samples are shown as solid and open
symbols respectively. Error bars showing plus and
minus one standard deviation for u<100> are
representative in magnitude for all data shown. A
static disorder inherent to a solid solution phase is
the probable cause for the rise in the coefficients for
intermediate compositions.
The mean-square displacements given by u for 0(1) are inversely proportional to the
force constants for the A-0(1) and B-0(1) bonds. A force constant in turn is roughly
proportional to the cation valence and inversely proportional to the bond length [70]. We
therefore expect that the force constant for the A-O(1) is less than that of B-O(1) because
its cation valence is less and its bond length is greater than for B-0(1). To compare
-m- liquid-mix
A solid-state 1
I , I , ,
_ _ _ _
deviations from the equilibrium position of 0(1) with consideration of these force
constants, we must compute the derivatives of the bond lengths with respect to positional
deviations in the principal directions <100>, <0-11>, and <011>, of uij for 0(1). Those
derivatives for the end-members are given in Table 2.2. The coefficient u<0-11> is much
greater than u<011> for all compositions. This may be explained by the fact that
d(/)/d(xo(),<011>) is zero for the A-0(1) bond and 9 for the B-O(1) bond, while
d(l)/d(xeo)<0-11>) is zero for the B-0(1) bond and 7 for the B-0(1) bond for all
compositions. A higher derivative indicates a greater flexing of the bond for a given
small deviation from the equilibrium position. Therefore, even if the force constants for
the A-O(1) and B-0(1) bonds were identical the mean-square displacement in <011>
would be less than that in <0-11>. The coefficients u<100> and u<0-11> are nearly
equivalent for each end-member, despite the fact that deviations in <100> cause both the
A-0(1) bond and B-0(1) bond to flex significantly. This suggests that the absence of an
anion in the 0(3) site, which lies in <100>, may soften the energy well in this direction.
The coefficients u<100> and u<0-11> are both greater for the stannate than for the
titanate end-member, despite a greater increase in the Sn4+-O(1) bond-length relative to
the Ti4'-0(1) bond-length. This implies that Sn4+-O0 bonds are much stronger in the
structure than the Ti4+-O2 bonds, since a stronger B4+ bond with increasing Sn4+ could
counter the effect of increasing bond length on the vibrational amplitude of the B-0(1) to
yield a net decrease in amplitude. A sharper rise in the temperature-factor coefficients for
0(1) observed for the Y2(ZryTil.,) 20 7 system [1] is evidence that the Zr4+-0 2 bonds are,
on the contrary, weaker than the Ti4+-0 2 bonds. Note that the uiso for the A-0(2) bond
increases with y, which may be explained by the increase with y of the A-0(2) bond
length.
TABLE 2. Values of the Bond Length and Derivatives of that Length with respect to the principle
axes of the temperature factor coefficient tensor for 0(1). Values for the A-O(1) and B-O(1) bonds
for both Y2Sn 2O, and Y2Ti20 7 are given.
Y2Ti 207 A- Y2Ti207 B- Y2Sn207 A- Y2Sn207 B-
0(1) 0(1) 0(1) 0(1)
Bond Length, 1 A 2.482 1.956 2.495 2.044
d(l)/d(xO(1)<100>) 7.016 -4.132 7.033 -4.581
d(l)/d(xO(l)<Ol 1>) 0 9.215 0 9.309
d(l)/d(xO(l)<0-11>) -7.264 0 -7.627 0
The cation array had significant disorder for y > 0.60, modeled under constraints as :
[YA] + [YB] = 1, [Sn] + [SnBI = y, [TiA + [TiB] = 1 - y, and [YA] + [SnA] + [Til = 1.
This represents an anti-site disorder, where a Y3+ ion exchanges sites one-for-one with
statistical (SnTi.y)4 + ion, with one degree of freedom shown as [YA] in Figure 2.7. The
parameter [YA] is only slightly less than 1 for y = 0.85, but significantly less than one for
y = 1.00. It is interesting that this trend in disordering with y for the cation array is
independent from that observed for the anion array, which is the same qualitative result
observed for the Y2(ZryTi,,y) 20, system [1]. The anion array partially disordered with
increasing y before the cation array for the Y2(ZryTil.y)20 7 system, however, while the
reverse was observed for the Y2(SnyTil.y) 207 system. This is another indication of the
importance of chemistry relative to that of radii in controlling disorder in pyrochlores. It
should be noted that we observed no disorder for the Y2Ti20 7 composition as opposed to
Haile et al. (60), who observed [YA] = 0.99.
For some pyrochlore-structured compounds a better fit to the diffraction data has been
found by allowing the A3. cations to shift slightly along the <111> [71]. In this model
one half of the sites in position 32e are filled statistically by A3. cations. Two sources of
evidence would reveal such a shifting of the A3+ cations: the set of intensities h, k = 4n, 1
= 4n + 2, would no longer be extinct as they are for the structure having only the special
positions described above filled, and the anisotropic temperature-factor coefficients for
the A site at 16c would describe a long and narrow ellipsoid along <111>. We are unable
to detect any intensity for this class of reflections, Fig. 2.1, and the shape described by the
temperature-factor coefficients for the A site is a short and wide ellipsoid along <111>,
Fig. 2.8. We conclude that the position of the A"3 ions is well modeled in the 16c
position for this system. That the temperature-factor coefficients for the A site in the pure
stannate are less than those for the pure titanate, despite the fact that the mean A+-O2-
bond length is greater in the stannate is curious. This may result from strong positive
correlation between the temperature-factor coefficients and the occupancy Ny. Such a
correlation between temperature-factor coefficients and the occupancy for a site is a
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Figure 2. 7 Decrease in occupancy of the A site with
increasing Sn4 + content, y, by y3+, [YA4]. Data
from the liquid-mix samples are plotted as squares
and from the solid-state samples as triangles.
Phases with y < 0.85 had occupancies that were
found to deviate insignificantly from unity and were
fixed in the final analysis. Error-bars give plus and
minus one standard deviation for the occupancies
that were refined. A sharp decrease in [Y4] is
observed above y = 0.85, indicating the onset of
partial disorder for the cation array where [YAJ =
0.5 for complete disorder.
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Figure 2. 8 Variation with Sn4 + content, y, of the
temperature coefficients for the A and B sites. The
anisotropic coefficient tensor, uij, has been
diagonalized along principle directions <-110>, <-
1-12> (equal to <-110>), and <111>for the A site;
shown as circles and squares respectively. The
isotropic coefficient for the B site is displayed as
triangles. Data from the liquid-mix and solid-state
samples are represented as solid and open symbols
respectively. The sharp decrease in the coefficients
for the A site above y = 0.85 is attributed to a strong
correlation of these parameters with the [YAJ]
parameter in the refinement.
Fourier synthesis maps of the scattering-density derived from the observed and calculated
Bragg intensities (Fobs and F,) were employed to search for significant errors in the
models found in Table 2.1. A map of the difference between Pobs and pw was searched
automatically for peaks that would evidence such errors. These peaks were less than 2%
of the maximum intensity of Fbs found at the A site and in improbable locations for all
but y = 1.00 and the solid-state synthesized sample of y = 0.85. For both of these samples
the two outstanding peaks found in the difference map were in the 0(2) and 0(3)
positions. These peaks were plus and minus for 0(2) and 0(3), respectively, 3% of the
peak found at 0(2) in Fobs. This translates into an indication that the occupancy
calculated for 0(2) is too low by approximately 0.03 and visa-versa for 0(3). Such an
error may result from the fact that we have set uiso for 0(3) equal to that of its nearest
neighbor, the B site. Since a positive correlation exists between the temperature-factor
and occupancy of a site, the model would better fit the data with a slightly lower uiso for
0(3).
Ionic conductivity has been measured as a function of temperature and oxygen partial
pressure for these compositions by Yu et al. [5] and found to vary between 2.5* 10 " and
2*10-3 S/cm at 10000C, with the maximum for y = 0.40. Heremans et al. found a
qualitative explanation for the ionic conductivity as a function of composition for the
Y2(ZrTil.,)20 7 system [1]. The product of the occupancy for the site most likely to be
responsible for conduction, N),,, with the vacancy concentration, 1 - N),,, was found to
approximately describe the trend with y of the increasing ionic conductivity. For that
system, a maximum in ionic conductivity was observed at 8*103 S/cm for the pure
zirconate, which had a defect-fluorite structure. Such a correlation is not possible for the
structure results obtained in the present work, since NO) was found to not vary
significantly from unity. We do note, however, that the greatest degree of disorder
among the anion array was observed for an intermediate composition, just as the highest
ionic-conductivity was found for an intermediate composition. The rise in activation
energy with tin content for ionic conduction from 0.96 to 1.73 eV determined by Yu may
be qualitatively explained by our observation that the Sn4+-0 2-bond was stronger than the
Ti4 -0 2- bond, which would decrease mobility of the oxygen ions occupying 0(1). Also,
disorder among the cation array may contribute to an increase in Ei as was found for
Gd2Zr20 7 [51,52].
2.5 Conclusions
The present structural analysis of five compositions (y = 0.00, 0.40, 0.60, 0.85, and 1.00)
in the Y2(SnTil.y)20 7 system has shown that the structure remains relatively ordered
despite the substitution of a large Sn4' cation. Substitution of a larger Zr cation, in
comparison, induced significant disorder in the Y2(ZryTil_,) 20 7 system [1] in compositions
for which the mean B4+ cation radius was less than that of Y2Sn 20,. Disorder among the
anion array, modeled as the partial occupancy of the 0(3) site at the expense of the
occupancy of the 0(2) site, was 1% or less for all compositions. The cation array showed
insignificant disorder for all but the y = 0.85 and 1.00 compositions, for which the
occupancy of the A site by Y3" ion (as opposed to the statistical (SnTi,.y)4+ ion) was 88%
at the lowest for the pure stannate. This observation of significant partial disorder among
the cation array without significant disorder among the anion array was contrary to the
independent disordering phenomena observed for the cation and anion array observed
previously in the Y2(ZrTi,.y)20, system. The one free positional parameter of the
structure, x for the 0(1) site, showed no significant deviation from the linear trend with y
expected for a fully ordered pyrochlore. Temperature-factor coefficients were examined
to interrogate the relative force constants among the bonds in the structure. Evidence was
found suggesting that the Sn4+-O 2- bond was stronger than either the Ti4+-O 2- bond or the
Zr4+-0 2 bond. From this observation it was suggested that the increase with y in
activation energy for ionic conduction is in part due to this strong Sn4+-02 bonding, as
proposed by Yu et al. [43].
3 Rietveld X-Ray Analysis of the Structure of Fast-Ion
Conducting Gd2(SnyTil-y) 20 Solid Solutions and
their Relation to Ionic Conductivity
3.1 Introduction
Conductivity measurements for the Gd2(SnyTil.,) 207 and Y2 (SnyTil_,) 207 systems showed
evidence that the yttrium based system was more disordered than the gadolinium based
system [5]. Both of these stannate substitution systems had conductivities less than
companion zirconate-subsitution systems, which was also attributed to a difference in the
degree of disorder. The difference was primarily thought to result from the tendency of
the pyrochlore structure to disorder as the difference in A3' and B4+ radii decreases, but
the results of Chapter 2 suggest that bonding plays at least as important a role in
stabilizing the pyrochlore structure. The present chapter presents a determination of the
composition dependence of the distribution of ions in Gd 2(SnyTi,,) 207 in an attempt to
further shed light on this behavior. A preliminary report of this study appeared in an
MRS Proceedings Volume [72].
3.2 Experimental
3.2.1 Preparation of Samples
Four powder samples of Gd 2(SnyTil,) 207 with y = 0.2, 0.4, 0.6, and 0.8 were prepared by
solid-state reaction for the present analysis. Appropriate masses (on the order of
1.0000(1)g each) of the oxides Gd2O3, SnO2, and TiO 2, were ground together with an
agate mortar and pestle until they were sufficiently fine to pass through a 75 gm sieve.
The resulting mixtures were heated in alumina crucibles at 1400 0 C for 24 hours in air.
The reacted powder was reground and heated at 14000 C for 12 additional hours in air to
insure completion of the reaction and provide a known condition as a reference state. The
samples were furnace cooled.
3.2.2 X-Ray Analysis
Neutron powder diffraction had proved advantageous in analysis of the Y2(ZryTi-.y) 207
system. Oxygen is a stronger scatterer relative to the cations than is the case with x-rays.
Moreover, the scattering length of Ti is negative for thermal neutrons, providing an
unusually large contrast between scattering from the atoms that occupy the cation sites.
The contributions to the superstructure intensities for all three of the perturbations listed
above are, therfore, much larger for neutrons than for x-rays and it was possible to
analyze highly disordered states with precision - especially the behavior of the oxygen
ions.
Pyrochlore phases that contain Gd present a special challenge. This species possesses the
largest absorption cross-section for neutrons of any element in the periodic table,
producing a linear absorption coefficient, ul, for Gd2Sn20 7 of 303 cm1 . The present
analysis was accordingly undertaken with x-rays (in spite of the fact that Gd also has the
largest mass absorption coefficient for Cu Ka radiation of any element in the periodic
table! The linear absorption coefficient for Gd2Sn2,O7 is 2629 cm 1) [73]. In doing so we
were aware that the failure to capitalize on the negative scattering length for Ti would (in
combination with severe absorption) decrease sensitivity to the oxygen distribution and,
because of weaker superstructure intensities, limit the extent of disorder that could be
successfully analyzed. The resulting fluorite substructure intensities may be seen to be
far greater than those for the complement superstructure in Figure 3.1. The weak
superstructure intensities that are present in the powder-profiles visibly diminish with
increasing Sn4+ content. This is caused primarily by the progressive decrease in the
difference in average scattering power between the A and B sites. The number of
electrons associated with Gd3 , Ti4+, and Sn4+ is 61, 18, and 46 respectively. If the B site
is occupied only by Sn4+ and Ti4+ (as was found to be essentially the case) the difference
in Z would decrease from 43 to 15 for y = 0.0 and 1.0 respectively.
The principal reason for selection of x-radiation for the analysis was that the flat-plate
specimen that is employed in the Bragg-Bretano geometry of the x-ray spectrometer
results in a constant absorption factor equal to 1 / 241a. Although intensities were greatly
dimished, there was no need to apply a correction. In contrast, most neutron powder
spectrometers employ a cylindrical specimen. Absorption is accordingly a function of 9.
A correction for absorption would have been essential, but would not only have been
large, but likely inaccurate - at least in part - because the value and uniformity of the
packing density would have been important parameters.
The furnace-cooled powder was ground in an agate mortar and sifted to provide a particle
size of less than 75 pm, then mounted on a glass slide. Data were collected with a
Rigaku RU300 x-ray powder diffractometer equipped with a diffracted-beam
monochromator employing the 002 reflection of graphite. Copper Kxo radiation (uKal =
1.54051, XCcuKa = 1.54433 A) provided by a Rigaku RU300 18 kW rotating-anode
generator was employed. Data were recorded in steps of 0.030 20 between 10' - 150' 20.
3.3 Refinement of the Structures
One must proceed with care in refinement of the structural parameters of pyrochlore solid
solutions. Information on the perturbations of the fluorite structure that result in the
formation of the pyrochlore superstructure is contained solely in the set of weak
superstructure diffraction maxima. Such intensities contain contributions from (a) the
difference in average scattering power of the species occupying the A and B sites, (b)
scattering by the fractional oxygen occupancy of the normally-vacant 8b site, and (c) the
magnitude of the displacement of the O(1) atom in position 48f x 1'/'/ from its ideal
location at x = 3/8. All three contributions approach zero as the structure approaches the
highly-disordered states that are of greatest interest. The data available for analysis thus
become few and acquire large standard deviations.
Refinements were performed with the GSAS system of programs, version number 6 [54].
A total of 11 structural parameters were, in principle, necessary to describe each
structure: a scale factor, the lattice constant, the x coordinate for 0(1), the scattering
power of one cation site, one dependent and two independent site occupancies among
0(1), 0(2), and 0(3), and five isotropic temperature-factor coefficients. In the early
stages of the refinement, however, the occupancy of 0(2) was found, within about one
standard deviation, to be slightly greater than unity for all compositions while those of
0(1) and 0(3) were between unity and zero. Therefore, the occupancy of 0(2) was fixed
at unity, and the occupancies of 0(1) and 0(3) were constrained to maintain seven
oxygen ions per formula unit. Disorder on the cation array was treated in an approximate
fashion by allowing the Gd3' on the A site to exchange with numbers of Sn4+ and Ti4+
constrained to the SnrTi .y4+ occupancy of the B site. Independent isotropic temperature-
factor coefficients for the A and B cation sites could be resolved, but attempts at
refinement of anisotropic coefficients for these sites or any independent t-factor
coefficients for the anion array provided an insignificant advantage or nonsense values
(e.g. negative values). As a result, the isotropic temperature-factor coefficients used for
the anion array were set to be equivalent to the respective nearest neighbor for the anion
site: uiso(A) = uiso(O(2)) and uiso(B) = uiso(O(1)) = uiso(O(3)).
Instrumental parameters such as the zero point of the diffractometer, and the peak shape
parameters that have no functional dependence on the sample (which may be due to
microstrain, fine particle size, or stacking-faults) were determined by use of both a Si and
a LaB6 standard immediately prior to the scans made for the samples described in the
present work. The peak shape function used, number 2 in GSAS, is a pseudo-Voigt
function that may describe both Gausian and Lorentzian contributions to the peak shape.
The Lorentz-polarization correction factor, a function of 0 and the d for the
monochromator reflection, was employed. The mathematical details of these functions
may be found in the GSAS manual. Since maxima arising from the superstructure
reflections have been observed both by us and others [74,40,41] to be significantly
broader than those of the substructure, and since most of these maxima are well isolated
in the profile, an initial attempt was made to refine a separate peak shape for the
substructure and the complement superstructure. Differences in the peak shape
parameters were insignificant, while estimated standard deviations (standard deviation)
for the structural parameters were large, thus the final model contained only one set of
parameters to describe the sample-dependent peak shape.
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Figure 3. 1 Powder-diffraction patterns for Gd2(SnyTil-y)207 samples with y = 0.20, 0.40, 0.60, and 0.80
obtained with Copper Ka radiation (ACuKal = 1.54051, ACuKa2 = 1.54433 A). A low-angle and high-
angle region are displayed on independent scales. Experimental intensities are shown as data points and
continuous lines through the data points represent the fitted profiles. The diference between the observed
and calculated intensity is plotted on the same scale and displaced below zero for each profile. Two sets of
hash marks indicate peak positions between the difference-line and the intensity data: the lower marks all
superstructure peaks arising for an atom in the general position for Fd3m and the upper marks all
substructure peaks arising for an atom in the general position for Fm3m. The hkl for each non-zero
pyrochlore phase maximum is given for y = 0.20. The letter C marks those maxima having only
contributions from the cations and the letter 0 those to which only the oxygen ions contribute.
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Figure 3. 2 A powder-diffraction pattern for the Gd2(Sn0.20Ti0.80)207 composition scaled to reveal
features in the background. Experimental intensities are shown as data points and continuous lines
through the data points represent the fitted profiles. Two sets of hash marks indicate peak positions
between the difference-line and the intensity data: the lower marks all superstructure and the upper marks
all substructure peaks. The broad maxima at 230 and 600 29 arise from the colloid on glass sample mount.
This produced excellent standard deviations for the final structural parameters, since the
intense substructure maxima provided precise peak shape parameters. With these peak
shape parameters and the scale factor fixed from substructure maxima, an attempt was
made to refine a structural model using only the remaining few (approximately 10)
detectable superstructure maxima. Again, standard deviations were high and the trend
with increasing y in structural parameters, particularly for the coordinate x for 0(1), made
little sense. For example the coordinate x for 0(1) increased with y from 0.4282, for y =
0.20, to 0.4346, for y = 0.60. The final model used 6 peak shape parameters that were
sample dependent in describing the complete powder-profile. A function to fit the
background well could not be found, but since the peaks were well separated, a set of 12
to 15 points between the peaks was used to define the background, Fig. 3.2.
Refined parameters for all compositions examined are presented in Table 3.1. Final
weighted residuals for the refinements ranged from 6.1 to 8.6 %, comparing favorably
with corresponding expected residuals of 4.6 to 7.5 % based on counting statistics. Final
residuals calculated for the Bragg intensities only ranged between 3.2 and 3.9 % for all
but the y = 0.20 sample, for which the residual was 8.0%. The following discussion of
the change in structure with composition includes parameters obtained by Brisse and
Knop [29,30].
3.4 Results
The intensities in the powder-diffraction profiles are shown in representative patterns as
discrete points for the complete set of compositions in Fig. 3.1. The structural parameters
of Table 3.1 were provided by calculated fits to these intensities, shown as continuous
lines, as described above. The patterns consist of pairs of maxima, one resulting from
reflection of CuKal radiation the other from CuKa2 radiation at one half the CuKal
intensity, that tend towards greater separation with increasing 20. The pairs are sharp and
well-separated. Below each profile is a second continuous line showing the difference
between the observed and the calculated intensities plotted to the same scale. The small
deviation of the difference-line at a reflection position does not appear to systematically
depend on the class of that reflection. It does appear, however, that the modeled peak
shape does not describe the observed shape for the closely overlapping members of a
reflection pair. The 1022/666 peak having only cations contributing to its intensity has
apparently narrower individual CuKa, and CuK peaks than the model has accounted for.
This results in a difference-line pattern with increasing 20 that rises slightly, falls and
rises, and then falls slightly consistently for all compositions. This problem could not be
alleviated by exhaustively attempting to use every peak-shape parameter available. Also,
deviations in the difference-line apart from at the reflection positions appear to be noise.
This indicates that our assumption that these patterns result from a single-phase material
with no significant anisotropic particle-size or strain was sound. The background for all
Table 3. 1. Values of the Lattice Constant, Atomic Coordinates, Site Occupancies, and Isotropic
Temperature-Factor Coefficients, Peak Shape, and Residuals for the Gd2(SnTi.,)20 7 phase.
Site y = 0.20 0.40 0.60 0.80
a (A)
O(1) in 48fmm x 1/8 1/8
NO(I)
x
0(2) in 8a -43m 1/8 1/8 1/8
NO(2)
0(3) in 8b -43m 3/8 3/8 3/8
NO(3)
A in 16c -3m 0 0 0
NGdL = [GdA]
Uiso













expected Rwp (%) e
RBragg (%), Nobsf
10.2428(5) 10.2980(2) 10.3550(1) 10.4112(1)
0.989(3) 0.979(3) 0.968(3) 0.985(6)
0.4243(5) 0.4219(4) 0.4228(3) 0.4193(4)
1.00 1.00 1.00 1.00
0.07(2) 0.13(2) 0.19(2) 0.09(4)
0.976(2) 0.977(2) 0.955(3) 0.947(7)
0.0161(3) 0.0043(2) 0.0036(2) 0.0049(3)













































Note. Standard deviations are in parentheses.
a The temperature factor is defined as: exp[-8x2 uisosin2/22]. The coefficient for the
A site was also used for the 0(2) site and the coefficient for the B site was also used
for the 0(1) and 0(3) sites.
b Rp = Z Yi(obs)- Y(cal)l / Y-Yi(obs) , where Yi is the intensity at 20.
c Rwp = { wi[ Yi(obs)-Y(cal) /ZwiYi(obs) } 2, where w is the weight assigned to Y in
proportion to the reciprocal of the square of its standard deviation.
d X2 = [Zw(Ib(obs)-Ib(cal))2 ] / (No-Nv), where No is the number of intensity
observations and Nv is the number of variables refined.
e expected Rwp = Rwp / (z2), is lowest Rwp that can be expected from the
refinement.
f RBragg = ZIIb(obs)-Ib(cal) / lIb(obs) , where Ib is the integrated intensity of the
individual Bragg peak, Nobs is the number of Bragg peaks observed including those
from both Cu Kal and Ka2 radiation.
compositions is well represented by that of the y = 0.20 sample, Fig. 3.2. This pattern
results from the sample mount.
3.4.1 Variation of Coordinates with Composition
The lattice constants of the Gd2(SnyTil.,) 207 solid solutions increased linearly with the
amount of substitution of the larger Sn4+ ion in accord with Vegard's law as may be seen
in Fig. 3.3. A linear regression on the pyrochlore lattice constants using the standard
deviations for weighting yields the relation
a (A) = 10.1862(6) + 0.281(1)y [3.1]
with R = 0.99998, where the standard deviations are given in parentheses. Values for the
lattice constants of the Gd2Ti20 7 and Gd2Sn20 7 endmembers are taken from the literature
[29,30] and agree well with the present data for the solid solutions. Somewhat
surprisingly, no difficulty was experienced in obtaining sufficient superstructure intensity
to permit the refinement. The reason is that the structures of the solid solutions remained
almost fully ordered for the complete range of compositions.
10.45 a= 10.1862(6)+ 0.281(1)* y 0.426 - Present Study
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Figure 3. 3 The lattice constant of Figure 3. 4 Variation of the coordinate xfor 0(1) in
Gd2(SnyTil-y)207 as a function of composition are 48fx/81/8 plotted as squares. Error-bars show plus
plotted as squares. Data for the endmembers, y = 0 and minus one standard deviation. Data for the
and 1, are taken from the literature [29,30] and endmembers, y = 0 and 1, are taken from the
plotted as triangles. The line resulting from linear- literature [29,30] and plotted as triangles. The
regression on the data in the present work shows coordinate decreases with increasing y in a manner
excellent agreement with Vegard's law. which may be explained by the geometry of a
completely ordered pyrochlore.
The deviation of the x coordinate of the 0(1) ion from the ideal value of '/, for an
undistorted cubic fluorite-like array corresponds to a relaxation of this ion in the direction
of the 0(3) site. The experimental values for this parameter, Fig. 3.4, decrease with
increasing Sn4+ content between the coordinates for the endmembers [29,30]. A deviation
in the trend occurs for y = 0.60. Such a deviation is more likely indicative of the relative
uncertainty in parameters for the anion array for this experiment than of an actual
anomaly in the y = 0.60 sample. A regression on the set of x coordinates including those
from Brisse and Knop provides
x = 0.4261(7) - 0.008(1)y [3.2]
with R = -0.961. The model from Chakoumakos described in Chapter 2 which is based
on the packing of hard spheres of radii given by Shannon [32] in a ideal pyrochlore
structure, predicts a trend of slightly steeper slope (-0.0096) but with a slightly lower
intercept (0.4197). The depression of the Chakoumakos model relative to the observed
data is consistent with the systematic error Chakoumakos observed on statistical analysis
of the results of this model in comparison with 21 measured values for x among
pyrochlores. The similarity among the slopes of the observed and calculated trends
indicate that the Gd2(SnyTil.) 2O7 system, much like the Y2(SnyTi,.)207 examined in
Chapter 2, remains almost completely ordered despite an increase in mean B site radius
beyond that of the highly disordered Y2(Zr0.60Ti0.40)20 7 composition [1].
3.4.2 Change in Disorder in the Cation and Anion Arrays with Sn4+ Content
Surprisingly, we were able to detect a slight disorder in the anion array, Fig. 3.5. This
was made possible by greatly reducing the number of variables used to describe the
structure as described above. Having only one peak shape described well by the intense
superstructure maxima, which are themselves insensitive to disorder on either array, and
using just two temperature-factor coefficients made this possible. Upon comparison of
equivalent isotropic t-factor coefficients for the sites in Y2(SnyTily)207 we find that only
the factor for 0(2) deviates greatly from the factors for the other sites, at typically 40%
below the factors for the other sites. This suggests that using just two coefficients for the
present system was a reasonable approximation, with the possible consequence of forcing
the refined occupancy for 0(2) to be too large in the initial refinements. We reach this
conclusion by observing that a site occupancy has a positive correlation with its
temperature-factor coefficients. The occupancy of 0(1) dipped to a minimum of 0.968
for y = 0.60, corresponding to a maximum in occupancy of 0(3) equal to 0.19. Since a
completely disordered anion array has '7/8 oxygen on all three anion sites, this corresponds
approximately to 20% disorder among the anion array. It is unclear, however, why the
trend in disorder among the anion array should have a maximum for an intermediate
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Figure 3. 5 Change in occupancy of the O(1) site Figure 3. 6 The concentration of Gd3 + on the A site
with increasing Sn4 + content of the pyrochlore as a function of composition for Gd2(SnyTily)207
solid-solutions. Error-bars show plus and minus solid solutions under the assumption that Sn4 3ji 4 _
one standard deviation. Occupancy of 0(2) was not y exchanges with each Gd3 +. Error-bars show plus
found to deviate significantly from unity, thus the and minus one standard deviation. Disorder in the
occupancy of 0(3) was constrained to equal one cation array is slight but significant for high Sn4 +
minus six times the occupancy of 0(1). Deviation content.
from occupancies ofa fully ordered anion array are
slight, but greatest for y = 0.60.
The refinement revealed a very slight mixing of the species that would occupy the A and
B sites as y increased across the system. As mentioned above, a set of single diffraction
data cannot be used to specify a unique distribution for three cation species over two
independent sites. For present purposes, therefore, we assumed that Ti4  and Sn4+ will
interchange with Gd+ in the A site in the same proportion in which they are present in the
solid solution: that is, that Ti4 .~,Sn4  exchanges with Gd"+. Under this assumption the
refinements show that the fractional occupancy of the A site by Gd3 , [GdA], decreased
with increasing y to a minimum of 95%, Fig. 3.6. This corresponds to 10% disorder on
the cation array, since it is completely disordered for [GdA] = 0.50. Note that disordering
on the cation and anion arrays proceeds independently with the changing composition in
the series. This has been observed for all three systems - Y2(ZryTil.y) 207, Y2(SnyTil-y) 2O,,
and Gd2(SnyTil.y) 20 7. It is possible that these systems are not in equilibrium with their
room temperature environment. In the following chapter we examine this possibility by
performing in-situ neutron diffraction studies of Y2Sn20 7 and Y2(Zro.60Ti0.40)20 7 at
elevated temperatures.
3.4.3 Structure Related to Conductivity and Conclusions
The ionic conductivity measured by Yu for Gd2(SnTil-y)207 pyrochlores [5] is shown in
Fig. 3.7 as a function of composition at 10000C. Aside from the possible dependence on
other material parameters that may vary with composition, the magnitude of the
conductivity should be proportional to the product of charge-carrier density and the
number of vacant sites to which the charge carriers may jump - N(1-N). Here we take N
to be the site occupancy of 0(1) measured in the present work. However, a key materials
parameter does increase with y as seen in Figure 1.8: the activation energy for ionic
conduction Ei. This energy is the sum of the migration enthalpy, Em, and one-half the
Frenkel enthalpy, EF. To compare the values we determined for the 0(1) occupancy with
ionic conductivity, we should account for just Em, but unfortunately the portion of Ei due
to Em is not known independently from EF. It is reasonable to assume that both
contributions to Ei increase with tin content as a result of the increase in B-0(1) bond-
strength with tin content. If this is the case, the proper comparison between N(1-N) and
oi lies somewhere between taking into account the increase in Ei with y and not
accounting for this factor. In Figure 3.7, the trend in ai lies between the trend for N(1-N)
including and not including Ei. The results of the structural analyses thus provide an
explanation for why the variation of ionic conductivity with y remains essentially flat
upon substitution of the larger Sn4  cation rather than increasing several orders of
magnitude. By examination of conductivity as a function of temperature Yu further
determines the activation energy (Ei) and pre-exponential factor (ao) for ionic
conductivity. The energy Ei rises linearly from 1.0 to 1.4 eV for the range y = 0.20 to
0.80. It is reasonable that the approximately linear increase in disorder among the cation
array, observed in the present work, would cause such a trend in Ei. However, that the
factor c0 increases exponentially with y from 102.9 to 104.4 S/cm*K for the range y = 0.20
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Figure 3. 7 Ionic portion of the electrical conductivity of Gd2(SnyTil-y)207 at 10000C as afunction of the
atomic fraction, y, of Sn substituted for Ti. The variation of the product of charge-carrier concentration
and vacancy concentration N(I-N) and that value normalized by the activation energy for ionic
conductivity, are scaled and included in the plot. N is taken as the site occupancy of the 0(1) site at 48f
The change of this product with y provides a qualitative explanation for the relative independence of
conductivity on composition.
The most interesting conclusion, however, upon comparison of the behavior of the
several pyrochlore systems that we have examined, is that the state of disorder does not
depend solely on the difference in average radii of the species that occupy the A and B
sites. The Sn-O bond in pyrochlores has been shown by infrared absorption spectroscopy
[33] to be more rigid and have greater covalent character than Ti-O bonds in the
pyrochlore system. It appears, therefore, that the state of disorder depends at least in part
on bonding characteristics between the cations and their oxygen neighbors and not solely
on differences in ionic radii. The Sn 4+ ion seems to display marked preference for the
octahedral environment of the B site. We have observed very similar behavior in solid
solutions in the Y2(SnyTil,) 20 system for which the absence of an ion with large
absorption permitted a precise analysis of neutron powder diffraction data.
4 Structures as a Function of Temperature and
Oxygen Partial Pressure for Y 2(Zro.6 Ti0 .4 0)2 0 7 and
Y 2 Sn 20 7
4.1 Introduction
Thus far we have seen evidence that tin substitution in A3 2B4+207 pyrochlores induces
very little disorder in comparison to that induced by zirconium substitution, despite
comparable radius-ratios between the A3' and the B4 cations. This demonstrated that
bonding plays a role at least as important as the cation radius-ratio in stabilizing this
superstructure of the fluorite structure. For the slight disorder that does arise for the
stannates, Y2(SnyTiy) 207 and Gd2(SnTily)2O,, we saw that the degree of disorder among
the cation and anion arrays were not correlated just as was the case for the previously
examined Y2(ZryTily)207 [1]. We have noted that degree of disorder may be qualitatively
correlated with ionic conductivity observed for all three of these systems.
An attempt to correlate structure determinations performed on samples quenched to room
temperature with measurements of ionic conductivity that were obtained at temperatures
between 8000 C and 10000C may, however, lead to spurious conclusions if the position of
0(1) and the state of disorder in the cation and anion arrays are not preserved upon
quenching. This concern is especially relevant for the anion distribution as the present
materials are fast-ion conductors in which the oxygen ions are known to be highly
mobile! The different degrees of order found in the anion and cation arrays in quenched
Y2(Ti1,Zry) 20, samples could conceivably have been influenced by such effects. It is
contrary to intuition, though, that the more mobile anions would rearrange to a greater
degree of disorder (typically characteristic of elevated temperature) during quenching.
Investigation of a pyrochlore structure as a function of temperature would thus be of great
interest: first, to confirm the identity of the state of disorder in quenched samples with
that at elevated temperature and, second, to determine the evolution of the thermally-
driven disorder in the anion and cation arrays for comparison with the development of
disorder that is induced by chemical substitution of a different size cation.
Structures have been determined as a function of temperature between 200 and 1450 0 C
for two different pyrochlores: Y2Sn20 7, a pyrochlore found to be fully ordered at ambient
temperature and Y2(Ti. 40Zro.o6 )20,, a composition previously found [1] to have a high
degree of oxygen disorder as well as appreciable mixing of cations among the A and B
sites. The latter specimen was selected for examination in the hope that further
thermally-induced disorder might proceed at lower temperatures, readily accessible in an
in-situ diffraction experiment, for a specimen that already had significant disorder created
by means of chemical substitution. Both specimens were also intended to demonstrate
whether the states of cation and anion disorder at a particular temperature were preserved
upon quenching.
4.2 Experimental
4.2.1 Preparation of Samples
Powders of Y2(Zro.60Ti0.40)20 7 and Y2Sn20 7 were prepared by the Pechini liquid-mix
process [53]. The samples used in these experiments were pellets, pressed at 5000 psi, 1
cm in both diameter and thickness. The pellets were sintered at 15700 C for 1 hour.
4.2.2 Neutron Diffraction
The neutron powder diffraction data that were obtained at elevated temperature in
atmospheres of controlled oxygen partial pressure were obtained at the Intense Pulsed
Neutron Source (IPNS) at Argonne National Laboratory. A stack of pellets of a given
composition, approximately 4.5 cm in height, was placed in the Miller Furnace in the
Special Environment Powder Diffractometer at IPNS for in-situ neutron diffraction. The
furnace had a long hot-zone provided by cylindrical heating foils about the sample
position. Data were collected continuously as the temperature of the furnace was
increased at a rate 30C/minute to a holding temperature for equilibration. Approximately
30 minutes were required to record a satisfactory powder diffraction profile. Data sets
were thus recorded as the samples underwent slow heating and cooling and were assigned
an average integrated temperature. The sample, after reaching a desired temperature, was
held for two-and-one-half to three hours during which five or six data sets were recorded.
Oxygen partial pressure was controlled by feeding a CO/CO 2 gas mixture through copper
pipes into the 3 inch diameter alumina tube at 60 cc/minute. The results of the
subsequent structural analysis were used to determine the point at which the sample had
equilibrated with a holding temperature. Typically, values attained for atomic positions
and occupancies had equilibrated after one-half hour, even for the data obtained at 8000 C,
the low end of the range of temperatures that were examined. The powder profiles
obtained during the five or six intervals after achieving equilibrium were summed to
create a data set of higher precision for that holding temperature.
4.3 Refinement of the Structures
Refinement of neutron diffraction profiles from an intense pulsed source is particularly
advantageous for in-situ measurements at elevated temperature. A detector bank having a
relatively narrow arc-length about 900 in 20 could be used to collect an enormous number
of reflections evident in the representative patterns of Figure 4.1 and 4.2. Since the
detector bank is relatively narrow, heating foils and heat-shields could almost surround
the sample to provide very low thermal gradients at temperatures as great as 1450 0C.
Calibration runs for this Miller Furnace have measured thermal gradients of less than
20 C/cm at this high temperature. The weaker reflections at low d were measurable due to
the elevated incident-intensity at low wavelength for the pulsed-source. The great
number of reflections allowed for a stable refinement of anisotropic temperature-factor
coefficients (u/j) for all atomic sites, even for the profiles measured for 30 minutes.
Refinements for all data-sets were performed with the VAX version 6 of GSAS (General
Structure Analysis System) [54]. As opposed to data from constant-wavelength sources,
as we have in the previous chapters, this data from a pulsed-source is not amenable to
separation into partial histograms consisting only of a given class of reflections. Too
many peaks are significantly overlapping one another. As such, the complete pattern was
refined at once. A total of 16 structural parameters were used to describe each structure:
a scale factor, the lattice constant, the x coordinate for O(1), the scattering power of one
cation site, three independent site occupancies for O(1), 0(2) and 0(3), and a total of nine
anisotropic temperature-factor coefficients. Since it is possible that the compounds could
be reduced at elevated temperatures and decreased oxygen partial pressures, we did not
constrain the sum of the oxygen site-occupancies to maintain seven anions per formula
unit. The intensities of the substructure reflections are insensitive to the degree of order
among the cation array; they are instead sensitive to the total scattering power of the
cations. The intensities of the complement superstructure reflections (except for those
only sensitive to the oxygen array) depend on the difference in scattering power between
the A and B sites. To model this difference, the B4+ cations were constrained to exchange
one for one with the A3' cations. For the zircono-titanate, for every Y3' ion that was
removed from the A site and placed on the B site, 0.60 Zr4+ and 0.40 Ti4+ ions were
removed from the B site and placed on the A site. Only the resulting occupancy of the B
site by y3", [YB], is reported, which represents cation disorder. For complete disorder
among the cations, [YB] would be one half.
In general, as many as 15 additional parameters were required to describe the sample
dependent peak shapes (2 or 3 parameters) and the background (6 to 12 parameters) for
the profiles. Instrumental parameters for the peak-shape and the three parameters
describing the systematic error in d (zero position, DIFA, and DIFC) were determined
previously by the instrument scientists with a silicon standard. The final models, see
Table 4.1 and 4.2, provided weighted residuals for the refinements of data taken during
heating which ranged from 6 to 11 %, and from 5 to 7 % for the data taken while
temperature was held constant.
A special note need be made concerning the refinement of data from the Y2(Zr0.60Ti0.40)20 7
sample. Heremans et al. [1] have found using x-ray diffraction from synchrotron-source
with a powder sample that the peak-shape of the substructure maxima is better described
by two, rather than one, pseudo-Voigt functions. This provided evidence for a minor
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Figure 4. 1 Powder-diffraction patterns for Y2(Zr0. 60Ti0.40)207 sample at 20, 800, 1000, 1200, and 1450
0C obtained with pulsed neutron radiation. A low-d and high-d region are displayed on independent
scales. Experimental intensities are shown as data points and continuous lines through the data points
represent the fitted profiles. The difference between the observed and calculated intensity is plotted on the
same scale and displaced below zero for each profile. Hash marks indicate pyrochlore peak positions
between the diference-line and the intensity data: the asterisk marks all substructure peaks. The hkl for
each non-zero pyrochlore phase maximum is given for T = 20, except at low-d where the peaks become too
dense. The letter C marks those maxima having only contributions from the cations and the letter O those
to which only the oxygen ions contribute.
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Figure 4. 2 Powder-d00action patterns for Y2Sn207 sample at 100, 1000, and 1400 C obtained with
pulsed neutron radiation. A low-d and high-d region are displayed on independent scales. Experimental
intensities are shown as data points and continuous lines through the data points represent the fitted
profiles. The difference between the observed and calculated intensity is plotted on the same scale and
displaced below zero for each profile. Hash marks indicate pyrochlore peak positions between the
difference-line and the intensity data: the asterisk marks all substructure peaks. The hkl for each non-zero
pyrochlore phase maximum is given for T = 20, except at low-d where the peaks become too dense. The
letter C marks those maxima having only contributions from the cations and the letter 0 those to which
only the oxygen ions contribute.
fluorite phase coexistent with the major pyrochlore phase, with the integrated-intensities
of the fluorite phase 10-12% of the total intensity for the substructure peak. The fluorite
lattice constant was 0.0062A larger than a/2 for pyrochlore. We therefore attempted a
two-phase refinement. It was found that the lattice parameters, phase fractions, site-
occupancies, and the peak-shape could not be simultaneously refined successfully. It is
likely that a lower instrumental resolution with respect to that of the synchrotron source,
is responsible for our inability to achieve an unambiguous refinement of the two phases.
We thought it imprudent to simply fix the fraction of second-phase, since that fraction is
likely to vary with temperature. Therefore, we were forced to assume that the
Y2(Zr0.60Ti0.40)20 7 sample consists of single phase pyrochlore.
Table 4. 1. Values of the Lattice Constant, Atomic Coordinates, Site Occupancies, and Anisotropic
Temperature-Factor Coefficients, Peak Shape, and Residuals for the Y 2(Zr0 .6Ti0o.4 )20 7 Phase at Five
Temperatures, Nominally 20, 800, 1000, 1200, and 14500 C.
Site Tnominal (C) = 20 800 1000 1200 1450
Temperature (°C) 19.5(5) 795(5) 991(5) 1194(5) 1444(5)
a (A) 10.2910(1) 10.3737(1) 10.3954(1) 10.4205(1) 10.4541(1)
0(1) in 48fmm x 1/8 1/8
NO(1) 0.900(9) 0.885(9) 0.89(1) 0.90(1) 0.903(9)
x 0.4038(3) 0.4044(4) 0.4046(3) 0.4045(3) 0.4033(3)
u11<100> a 6.3(2) 7.9(2) 8.3(3) 8.9(3) 10.0(3)
u22<011> 2.3(2) 2.6(2) 2.6(2) 3.0(3) 3.2(3)
u33<0-11> 3.5(2) 5.1(2) 6.0(2) 6.5(3) 8.2(3)
0(2) in 8a -43m 1/8 1/8 1/8
NO(2) 1.06(2) 1.09(3) 1.03(3) 1.06(3) 1.02(3)
Uiso  3.3(2) 4.9(3) 4.6(3) 5.0(4) 5.0(4)
0(3) in 8b -43m 3/8 3/8 3/8
NO(3) 0.83(8) 0.66(7) 0.56(6) 0.44(5) 0.54(5)
uiso  19(2) 19(2) 16(2) 12(2) 16(2)
A in 16c -3m 0 00
Ny = [YA] 0.81(2) 0.86(2) 0.88(2) 0.88(2) 0.89(1)
ullj111> 0.2(2) 0.3(2) 0.5(2) 0.8(3) 1.2(3)
u22<-110>=u33<-1-12> 2.7(1) 4.5(2) 4.9(2) 5.2(2) 5.9(2)
B in 16d -3m '/2 V2/2
ull < 1 1 1 > 3.4(6) 2.1(6) 2.6(7) 3.2(8) 4.2(6)
u22<-110>=u33<-1-12> 5.9(5) 7.1(4) 6.9(5) 6.2(6) 5.2(5)
Peak Shape
C1l 134(4) 120(4) 119(4) 120(4) 125(4)
C2 5(1) 8(1) 8(1) 7(1) 7.2(8)
Reflection Residuals
Rp b 0.0641 0.0598 0.0606 0.0621 0.0447
Rwp c 0.0691 0.0639 0.0629 0.0618 0.0462
expected Rwp d 0.0209 0.0249 0.0289 0.0356 0.0233
RBragg, Nobse 0.255, 418 0.163, 122 0.129, 122 0.114, 125 0.084, 125
Note. Standard deviations are in parentheses.
a The temperature factor is defined as: exp[-2,r 2 (ul lh 2a*2 +... +ul 2hka*2+...)]. The coefficients listed have been
diagonalized along the crystallographic directions given as <hkl> and multiplied by 100. They give the mean
square displacement in A2 of the site occupant.
b Rp = 1 Y(obs)-Yi(cal)o /ZYi(obs), where Yi is the intensity at 20.
c Rwp = {wi[ Yi(obs)-Yi(cal)I / wiYi(obs) }2, where w is the weight assigned to I in proportion to the reciprocal
of the square of its standard deviation.
d expected Rwp = Rwp / ( 2) , is lowest Rwp that can be expected from the refinement.
e RBragg = llb(obs)-Ib(cal)j /I b(obs), where Ib is the integrated intensity of the individual Bragg peak, Nobs is
the number of Bragg peaks observed.
Table 4. 2. Values of the Lattice Constant, Atomic Coordinates, Site Occupancies, and Anisotropic
Temperature-Factor Coefficients, Peak Shape, and
Temperatures, Nominally 100, 1000, and 14000 C.
Residuals for the Y2Sn 2O7 Phase at three
Site Tnominal (0C) = 100 i 100 ii 1000 1400
Temperature (0C)
a (A)





0(2) in 8a -43m 1/8 1/8 1/8
NO(2)
uiso
0(3) in 8b -43m 3/8 3/8 3/8
NO(3)
Uiso














110.0(5) 130(10) 1000.0(5) 1397.0(5)

















































































Note. Standard deviations are in parentheses.
a The temperature factor is defined as: exp[-2r 2 (u llh2 a*2 +... +ul2hka*2+...)]. The coefficients listed have been
diagonalized along the crystallographic directions given as <hkl> and multiplied by 100. They give the mean
square displacement in A2 of the site occupant.
b Rp = E Yi(obs)-Y(caOl) /,Yobs), where Yi is the intensity at 20.
c Rwp = {wi[ Y(obs)-Yi(cal)l / wiYi(obs) } '/, where w is the weight assigned to I in proportion to the reciprocal
of the square of its standard deviation.
d expected Rwp = Rwp / (Z2 )2, is lowest Rwp that can be expected from the refinement.
e RBragg = 7Ib(obs)-Ib(cal)l /.lb(obs) , where Ib is the integrated intensity of the individual Bragg peak, Nobs is
the number of Bragg peaks observed.
4.4 Results
The observed and calculated powder diffraction profiles for Y2(Zr0.60Ti0.40)20 7 and
Y2Sn20 7 are shown in representative patterns presented in Figs. 4.1 and 4.2. The
observed data have been normalized by the incident spectrum and arbitrarily scaled, while
preserving the proper weight for each observation. The calculated fits provided the
structural parameters of Tables 4.1 and 4.2. Below each profile the differences between
the observed and calculated intensities are plotted to the same scale. Reflection positions
are marked by hash-marks just below the diffraction-profile. Each subcell reflection is
denoted by an asterisk above the hash-mark for reflection-position. The index, hkl, of
each reflection is noted above the maxima, except below d = 1.2 A where the density of
reflections becomes too great. There only larger maxima are labeled. Those peaks
having contributions only from the cation array are marked "C" and those resulting only
from scattering by the oxygen array are marked "O".
Careful examination of the difference-line for Y2(Zr0.60Ti0.40)20, reveals a systematic error
in the refinement. With increasing d, the difference-line generally has an up-down-up
pattern characteristic of a model having a lattice constant that is too large. The pattern in
the difference-line at the subcell reflection positions, however, is typically down-up-down
(especially for the 440 maxima) which would generally indicate that the model has a
lattice constant that is too small. This shift of the maxima, relative to the positions for the
modeled peaks, is consistent with the observation by Heremans et al. [1] that this sample
contains a fluorite second-phase that has a lattice constant slightly greater than that of
one-half the pyrochlore lattice constant. Reflections from the fluorite phase overlapping
with the subcell reflection from the pyrochlore phase would cause the observed peaks at
those reflection-positions to appear shifted to greater d. Since these subcell reflections
are intense, they tend to draw the lattice parameter for the model to greater d as well.
This causes the observed complement-superstructure maxima to appear too low in d
relative to the model.
One can see by examining of the high-d region of patterns that this systematic error does
not disappear with increasing temperature. At first glance, the low-d region of the
patterns does appear to improve with d. On closer analysis, one may observe that the
peak-shapes are simply broadening with temperature, which makes this systematic error
less detectable at low-d, where the peaks are highly overlapping. This is a surprise, since
we expected that perhaps the content of second-phase would change with temperature. It
appears even at 1450 0 C, that the amount of second-phase in the sample is approximately
equivalent to the amount detected at room temperature.
The background for the Y2(Zr0.60Ti0.40)20 solid-solution has a considerable undulation
with a broad maximum at the 331-peak. This undulation diminishes in amplitude with
increasing temperature, but is not completely eliminated even at 1450 0C. Additionally,
the amplitude is restored when the sample is returned to room temperature. Heremans et
al. [1] observed a similar undulation in data from neutron diffraction at constant-wave-
length for this sample. It is possible that short-range order among the larger Zr4' and
smaller Ti4+ cations could cause this effect.
The most notable feature in the patterns for the Y2Sn20 7 compound are the second-phase
peaks of the measurement made at 10000 C. These maxima are due to a platinum phase.
The compound was heated to 1400 0 C, and held at this temperature to equilibrate. After a
period of data collection at 14000 C in air sufficient for a precise refinement, CO2 gas
introduced into the sample chamber then data sufficient for another precise refinement
were collected. Finally, CO gas was admitted into the sample chamber to give a CO/CO2
mixture of 41.6 to produce a Po2 of 10-12 atm. Within minutes the platinum 15%-rhodium
thermocouple that touches the sample disintegrated and the furnace shut down. The
resulting quench dropped the furnace temperature, measured just outside the alumina tube
of the sample chamber, to 8000 C in twenty minutes and to 2000 C in four hours. We were
not aware prior to this experiment that platinum-rhodium alloys are known to disintegrate
in very reducing atmospheres when above 1000 0 C. A second collection at low-
temperature was made for refinement to confirm that valuable data could still be gathered
for this sample. The 100ii column in Table 2 gives the results for this refinement. The
sample temperature was then elevated to I 000C to collect data for the remainder of the
period granted by IPNS. It may be seen that the residuals for the refinements of the 100ii
and 1400 profiles are greater than those of the 100i and 1000 profiles. Extra Bragg-peaks
from the platinum phase were not accounted for in the refinement and are thus
responsible for this increase in the residuals. Otherwise, the patterns for the Y2Sn20 7
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Figure 4. 3 The lattice constants of Y2(Zr0.60Ti0.40)207 and Y2Sn207 as a function of temperature are
plotted as squares and triangles respectively. The trends are nearly linear, and thermal expansion
coefficients of 10.9 and 8.95 *10-6 K-1, respectively, were calculated from linear regressions. The data
are better fit by second-order polynomials with a positive quadratic term.
4.4.1 Variation of Structural Coordinates with Temperature
The lattice parameter is the most reliable structural parameter. Even the lower precision
refinements of the data collected during heating and cooling provided standard deviations
that were 105 of the lattice parameter. Figure 4.3 shows that the Y2Sn20 7 has a lattice
parameter greater than that of Y2(Ti0 .4 0Zr0.60)20 7 at all temperatures since Sn4+ has a larger
ionic radius than the average radius for (Ti0.40Zr0.60)4+, 0.690 and 0.674 A respectively
[32]. The two data sets are only slightly concave-up from linear in the measured range 20
to 1450 oC. Regression yields a significantly greater linear thermal expansion coefficient
of 10.9*10 K-1 for the zircono-titanate as compared to 8.95*10'K1 for stannate. Here the
linear thermal expansion coefficient has been approximated from the regression line by
Aa/ATao, where ao is the lattice constant at 1000K, and Aa/AT is the slope of the line.
Both of these values are above those for the polycrystalline component oxides: Y203,
ZrO2, TiO2 , and SnO2; 8.5, 6.9, 9.7, 4.4 *10-6K'. This is an indication of the relatively
loose framework of the open-structured pyrochlore. The trend in lattice parameter with
temperature is better fit by quadratic polynomial for both samples. The resulting
equations for Y2(Ti0.40Zr. 60)20 7 and Y2Sn20 7 are:
az(A) = 10.2901(7) + 9.7(2)*10'* T + 1.1(1)*10* T 2
and as(A) = 10.3807(4) + 8.3(1)*10-5*T+ 0.77(9)*10-8*T 2
[4.1]
[4.2]
respectively, where T is the temperature in Kelvin and the estimated standard deviations
for the coefficients are given in parentheses.








The residual, R, for the regressions are
Temperature (C)
Figure 4. 4 Variation of the coordinate x for 0(1) in 48f x1/8 1/8 plotted as squares and triangles for
Y2(Zr.60Ti.40)207 and Y2Sn207 as a function of temperature. Error-bars show plus and minus one
standard deviation for the results of refinements using data collected for 3 or more hours at constant
temperature. Data from 30 minute collections made continuously during heating and cooling are plotted
as open symbols. The coordinate increases with increasing temperature because the B-O(1) bonds are
stronger than the A-0(1) bonds. Above 10000C, the 0(1) coordinate of the Y2(Zr.6OTi.40)207 solid-
solution begins to decrease, indicating the onset of thermal disorder.
Y2(Zro.sTio0.4)207
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For the solid-solution series at room temperature, the relaxed position of the 0(1) site was
a good measure of chemically driven disordering. For a given compound examined as a
function of temperature, however, this position is instead a good measure of the bonding
environment about 0(1). In Figure 4.4 it can be seen that as the lattice expands, the
relative coordinate of 0(1) increases for both the Y2(Zro.6oTi0. 40)20, and Y2Sn 20 7. At high-
temperature, the 0(1) coordinate decreases rapidly for Y2(Zro.60Ti0.40)20 7 indicating the
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Figure 4. 5 The increase with temperature in bond length for the A-O(1) and B-O(1) bonds are plotted for
Y2(Zr0.6OTi.40)207 and Y2Sn207. Lines resulting from linear regression have been used to calculate
thermal expansion coefficients for the bonds.
To further examine the cause of this apparent relaxation of the 0(1) site towards the
normally vacant 0(3) site, bond lengths for the A-0(1) and B-0(1) bonds are plotted in
Figure 4.5. Thermal-expansion coefficients for each bond were approximated using a
linear regression of the data (except for Y2(Zro.60Ti0.40)20 7 where data above 1000 0 C were
not included in the regression) using the approximation AlIAT o, where 10 is the bond
length at 1000K, and Al/AT is the slope of the line. The thermal expansion coefficient for
the A-0(1) bonds are 12.66 and 13.01 *10- K"' for Y2(Zro.60Tio.40)20 7 Y2Sn 20 7
respectively, and 8.33 and 5.79 *10- KI' for the B-O(1) bonds. Since 0(1) is in
tetrahedral coordination with two bonds to A3+ and B4'' each, the nearest neighbor
coulombic attraction of 0(1) towards the B4+ pair is 4/3 of that towards the A3+ pair. It is
therefore expected that the expansion of the A-O(1) bond relative to that of the B-0(1)
bond should be near 4/3. We observe a slightly greater value of 1.52 for
Y2(Zro.6oTi0.40)207, and a much greater value of 2.25 for Y2Sn 2O7. The greater strength of
the Sn-O(1) bond responsible for this difference is also likely to be responsible for the
persistence of order and low ionic conductivity in the Y2(TiySny)207 system.
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Figure 4. 6 Change in all refined site occupancies with increasing temperature of the pyrochlore
compounds. Solid symbols are used for the Y2(Zr0.60Ti0.40)207 and open symbols for the Y2Sn207.
Occupancies generally remain unchanged, but the 0(3) and the [YB] decrease markedly on heating. This
is unexpected because it indicates an increase in order for the phases with increasing temperature.
4.4.2 Change in Disorder in Cation and Anion Arrays with Temperature
Figure 4.6 presents at once the variation with temperature of all refined occupancies for
both compounds for comparison. We had suspected that the compounds, especially the
Y2(Ti0.40Zr. 60)20 7,, would become more disordered at these elevated temperatures. A
related pyrochlore Gd2Zr20 7 has been found to thermally disorder, taking on a fluorite
structure, between 1500 and 1550 0 C [28]. If these pyrochlores did become more
disordered with increasing temperature, the occupancy of the 0(3) site, No(3), and [YB]
would both increase while the occupancies of the 0(1) and 0(2) sites, No(l) and NO(2),
would decrease. Surprisingly, the reverse is true for all but the No(3) for Y2(Ti0.4 0Zro.60)20 7
above 1200 0 C. This increase in NO(3) at the highest temperatures is consistent with the
results for the more reliable 0(1) x coordinate, which indicated some thermal disordering
above 1000 0 C. Moreover, this trend is reversible as indicated by 130 0 C results and by
results from refinements of the 30 minute interval data-sets recorded during cooling.
Thus this is apparently not the effect of having a non-equilibrium structure at room
temperature.
There are two possible explanations for this unexpected result. The occupancies may be
influenced by correlations with other parameters in the refinement such as temperature-
factors. A temperature-factor for a site is positively correlated with the site-occupancy,
thus as temperature-factors rise with temperature for the 0(1), 0(2) and A sites the
occupancies for those sites will have some tendency to rise. Such a tendency would not
reflect the true trend in occupancies with temperature. The other possible explanation is
that the trend in occupancies does reflect the true trend. If this is the case, it would
appear that we are observing an increase in order with increasing temperature. The
sample, however, is not a closed system. Energy, both from heating and from the
incident neutron radiation, is being exchanged between the sample and its surroundings.
More importantly, oxygen may exchange between the sample and its environment,
meaning the sample can oxidize or reduce. No clear closed system can be defined for this
experiment, but to explain the apparent decrease in entropy of the sample with
temperature a corresponding increase in entropy must be found for the sample plus its
environment. Figure 4.7 shows the combined occupancy of the oxygen sites as a function
of temperature, where this combined occupancy is the sum of the products, multiplicity
times occupancy, for each site normalized by 56, the total number of oxygen-atoms per
cell for the ideal pyrochlore. From this plot it is clear that compounds are reducing with
increasing temperature, especially the Y2(Ti0.40Zr0.60)20 7 solid-solution. In fact, the loss of
oxygen from the zircono-titanate with temperature is almost entirely due to the decrease
in occupancy of the 0(3) site. It is reasonable that oxygen should preferentially enter the
gas phase from the 0(3) site since this site is normally unoccupied for the ideal
pyrochlore. For the Y2Sn 20 7 compound, on the other hand, the loss of oxygen is almost
entirely due to the loss from the 0(1) site. The occupancy, 0(3), at all temperatures in
this compound is insignificant, thus the oxygen could not leave the sample from the 0(3)
site. Most importantly, the evolution of a gas from the solid phase involves a great
increase in entropy for the sample plus its environment. Thus the total entropy of the
universe may be increasing as the sample is heated, despite the apparent ordering in the
solid-phase.
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Figure 4. 7 Diminishing combined occupancy for the oxygen sites with temperature is plotted for
Y2(ZrO.60Ti.40)207 and Y2Sn207. This quantity is the sum of the products, site occupancy *
multiplicity, normalized by the total number of oxygen anions in an ideal pyrochlore: (NO(1) *48 +
NO(2)*8 + NO(3)*8)156. The trends may be accounted for by a decrease in NO(3) for
Y2(Zr.60TiO.40)207 and in NO(J) for Y2Sn20 7. Above 12000 C the trend reverses for the zircono-
titanate.
Generally, the occupancies for the normally occupied sites of the pyrochlore structure
remain at a relatively constant magnitude throughout this very broad range of
temperature. Notably, the 0(1) occupancy of the stannate decreases significantly from
0.99 to 0.97, as mentioned above. Also the [YB] occupancy decreases by approximately
10% for both samples from room temperature to 14000 C. This is particularly hard to
explain in view of the possibility that some of the B4+ ions reduce to B3" as the sample is
reduced. Their increased ionic radii should cause them to have a greater preference for
occupying the A-site. The reverse is observed. Perhaps this trend in occupancy is the
artifact of correlation with greatly increasing temperature-factor coefficients for cation
array.
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Figure 4. 8 The increase in mean square displacement of oxygen about the O(I) site with temperature is
shownfor Y2(Zro0.60Ti.40)207 and Y2Sn207. Solid symbols are usedfor the Y2(Zro0.60Ti0.40)207 and
open symbols for the Y2Sn207. These quantities are calculated from the diagonalized matrix, uij, of
anisotropic temperature factor coefficients, which has principal elements giving the mean square
displacement of oxygen in the <100>, <0-11>, and <011>, crystallographic directions. Values for the
Y2(Zro.60Tio.40)207 solid-solution are generally greater than those of Y2Sn20 7, largely due to the
positional disorder inherent to a solid-solution. Debye temperatures of 666 and 663 were calculated from
the increase in displacement of 0(1) in the <100> direction with temperature, for Y2(Zro.6oTiO.40)20 7
and Y2Sn207 respectively.
The anisotropic temperature-factor coefficients describe the distribution of the scattering-
density about the atomic site, and thus relate the amplitude of the displacements about the
site. The tensor, uij, of anisotropic temperature-factor coefficients describe ellipsoids of
constant scattering-density about the site and may be diagonalized to yield principal
vectors. For the occupied sites of the pyrochlore structure those principal vectors are
parallel or perpendicular to the symmetry operators at the site. For example ui for 0(1)
(point-symmetry 2mm) may be diagonalized by transforming the tensor to a coordinate
system having its axes in the <100>, <011>, and <0-11>, which are along the 2-fold
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Figure 4. 9 The variation with temperature in mean square displacement of the cations about their
respective A and B sites is shown for Y2(Zr.60Ti.40)207 and Y2Sn207. Solid symbols are used for the
Y2(ZrO.60Ti.40)207 and open symbols for the Y2Sn207. The two independent principal elements of the
diagonalized matrix, uj, of anisotropic temperature factor coefficients give the mean square displacement
of the cations along and normal to <111>, the square roots of which are plotted above. As for 0(1) in Fig.
8, positional disorder inherent to a solid-solution accounts for overall greater magnitude of the
displacements for the Y2(Zr.60TiO.40)207 solid-solution relative to those of the Y2Sn207 compound
The increases with temperature are close to those observed for O(1).
The resulting principal coefficients uii give the mean-square displacements for the site
occupants, Fig. 4.8 and 4.9. These displacements are generally due to both static
displacements of atoms occupying the site and the vibration of those atoms. For a solid-
solution sample such as Y2(Ti0.40Zr. 60)20 7,, static displacements of individual atoms from
the position averaged among all diffracting cells in the phase dominate the temperature-
factor coefficients at low temperature, because each cell may contain a different number
of larger Zr4+ as opposed to smaller Ti4+ cations. Even for the well ordered Y2Sn 20 7
compound the uij should not approach zero as the temperature approaches absolute zero
since a finite harmonic oscillation is theoretically predicted for atoms at absolute zero.
The Debye model for specific heat of monatomic crystals predicts a constant mean-square
displacement at temperatures approaching OK of 3h 2/16xmk, where h is the Planck
constant, m is the mass of the atom, k is the Boltzmann constant, and 6 is the Debye
temperature. This value for atomic mass of 100g/mol and a Debye temperature of 1000K
is significant but small at 3.6*10-4 A2. As such, one may approximate the thermal
contribution to the temperature-factor coefficients by shifting the intercepts of the root
mean-square displacements to zero at OK. Above the Debye temperature the Debye
model predicts a linear dependence of the mean-square displacement on temperature as
3h2T/4mk 2, Typically, however, mean-square displacements determined from crystal
structure refinements using a harmonic-oscillation model for the temperature-factor, such
as for uij, have been observed to depart from this linear dependence, increasing more
rapidly at higher temperatures [75]. Such a departure is primarily due to the departure of
vibrations in the real crystal from the assumption of harmonic vibrations of the Debye
model, which would not account for thermal expansion. The Debye temperatures
extracted from the observations of mean-square displacement of O(1) in <100> at the
lowest temperatures for Y2(Ti0.40Zr0.60)20 7 and Y2Sn20 7 are 666 and 662K respectively.
The corresponding Debye frequencies are both 8.7 * 103 Hz.
One may understand the relative magnitude of the mean-square displacements of O(1) for
the solid-solution and the binary compound in the same manner that the uij were
rationalized for the series Y 2 (SnyTil.,) 207 in Chapter 2. What is surprising is that
displacements increase more rapidly with temperature for the stannate than for the
zircono-titanate. This runs contrary to the observation that the zircono-titanate has a
greater thermal expansion coefficient than the stannate. Also, we expect that the thermal
component of the mean-square displacements of O(1) for the zircono-titanate would be
greater than for the stannate, especially at elevated temperatures, since the ionic
conductivity is an order of magnitude greater for the zircono-titanate at 1000 0C [3,5,76].
This suggests that approximating the thermal contribution to the mean-square
displacements of O(1) by simply shifting the curves', uii, intercepts at OK to zero is not a
good approximation. It is reasonable that as temperature increases atoms would be more
likely to oscillate about their ideal crystallographic position thus reducing the positional
disorder contribution to uij. To account for such an effect the ui would need to be
rotated, increasing their positive trend with temperature, after shifting the intercept to
zero at OK, a rather ambiguous transformation.
The most unusual feature of Figure 4.9 is the initial decrease in the <111> and later
decrease in the <1-10> mean-square displacement of cations at the B site with
temperature. We are uncertain why the temperature-factor coefficients should ever
decrease with temperature. The other salient features, the relative magnitudes of the
displacements in the <111> and <1-10>, are consistent with those observed for the series
Y2(SnyTi.-y) 207 in Chapter 2. It is important to observe that generally the displacements
of the cations are similar both in magnitude and in their trend with temperature to those
of 0(1). It is not sensible, therefore, to think of the fast-ion conducting pyrochlore as a
relatively-rigid network of cations through which the anions migrate.
4.4.3 Fourier Synthesis of Scattering-Density
The primary aim of this work was to exploit in-situ diffraction methods toward the
examination of fast-ion conduction in pyrochlore. The most fundamental question in
describing an ion conduction mechanism is what path do the ions migrate along. At high-
temperature it is possible to discover diffracting-density bridging neighboring oxygen
sites to reveal that pathway. A set of Fourier-synthesis maps calculated from the
observed intensities for z = 0.125 is provided in Figures 4.10 and 4.12 toward that end.
These are contour maps of the scattering-density, p, plotted on a logarithm scale. The
scattering-density, p, is the coherent scattering length b normalized by the unit cell
volume. Also provided, Figure 4.11 consists of Fourier synthesis maps calculated from
the difference between the observed and calculated intensities. These two maps are
plotted with p on a linear scale.
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Figure 4. 1O(a-d). Fourier synthesis maps of the scattering density, p, in Y2(ZrO.6OTiO.40)207 pyrochlore
are plotted for 4 temperatures: (a) 20, (b) 800, (c) 1200, and (d) 14500 C. Contour are plotted as even
logarithmic intervals above and below zero to reveal subtle features. The intervals plotted are: p = -0.09, -
0.05, -0.03, 0.00 (dashed), 0.03, 0.05, 0.09, 0.16, 0.27, 0.47, 0.82, 1.43, 2.48, and 4.30 * 10-44 -2 , where p
is the coherent scattering length, b, normalized by the unit cell volume. The maps are sections at z = !/
centered on 3% Vss near the 0(1) site and are ;/a in either dimension. Negative features in the maps are
largely due to termination errors in the Fourier series. They are included to indicate maximum magnitude
of a positive density that does not represent a real scattering density in the crystal. A broad maximum at
the 0(3) site has more distinctly defined lobes with decreasing temperature, indicating the importance of
positional disorder in the temperature factor for this site. Between the 0(2) site and the 0(1) site the
density changes from negative to significantly positive with increasing temperature. At 14500C positive
density bridges the three oxygen sites.
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Figure 4. 11(a and b). Fourier synthesis maps of the difference density, Pobs - Pcal, for
Y2(ZrO.6oTi0.40)207 pyrochlore are plotted for 2 temperatures: (a) 1200, and (b) 14500 C. Contour
intervals at 2 * 10-64- 2 are plotted evenly above and below zero, where intervals less than or equal to zero
are dashed. The maps are of identical sections to Figure 10, and are shown to distinguish the positive
features between sites observed in the maps of Pobs. Especially notable are the lobes about the 0(3) site
and the maxima between 0(1) and 0(2). The regions ofpositive intensity near 0(2), projected here on the
z = ~ plane, are arranged octahedrally at 12000C and tetrahedrally at 14500 C.
All of these maps were scaled to reveal both features that probably result from regions of
real scattering-density in the crystal and features that must result from the limited number
of terms in the Fourier series available due to the limited number of intensities. An
analysis of a primitive cell with atoms at rest determined that false details, appearing as
alternating positive and negative rings in the Fourier map, occur at intervals determined
by the highest-order reflection, do, measured [77]. The radial distribution of scattering-
density is given by:
p(r) = )rB3F(O) (m)4 / 3 , [4.3]
where B = 2(sin )/A = 1/do, [4.4]
0(m) = 3(sin m) - m cos m)/m 3 , [4.5]
and m =2Br . [4.6]
The highest-order reflection measured for Y2(Ti0.40Zr0.60)20 7 at 200 C has d = 0.718A.
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Figure 4. 12(a, b). Fourier synthesis maps of the scattering density, p, in Y2Sn207 pyrochlore are plotted
for 2 temperatures: (a) 100 and (b) 1400 0C. Contours are plotted as even logarithmic intervals above and
below zero to reveal subtle features. The intervals plotted are: p = -0.28, -0.17, -0.10, 0.00 (dashed), 0.10,
0.17, 0.28, 0.48, 0.81, 1.36, 2.30, 3.87, 6.52, and 11.0 * 10-4.-2 , where p is the coherent scattering length,
b, normalized by the unit cell volume. The maps are sections at z = !s centered on %/a Y near the 0(1)
site and are ;5a4 in either dimension. To indicate maximum magnitude of a positive density that does not
represent a real scattering density in the crystal, negative features in the maps are included. The density at
0(3) is apparently insignificant, and no other unaccounted for maximum of significance arises in this or
any other section of the cell, indicating that the structure remains highly ordered to 14000 C.
The first two pairs of troughs and peaks in the resulting Fourier ripple predicted by this
set of equations occur at 0.65, 1.05, 1.40, and 1.77 A. This pyrochlore phase has neither
a primitive lattice, nor atoms at rest, however the first two major troughs in scattering-
density surrounding the high-symmetry 0(2) site occur at approximately 0.59 and 1.29 A,
which may correspond to the distances predicted of 0.65, and 1.40 A. Any positive
density that is greater than the absolute value of the greatest negative density in the map
is likely to represent a real feature of the crystal. Also, if a positive density occurs at
elevated temperature where a negative density occurred at room temperature, it is likely
that it represents a real scattering-density.
Having pointed out the method by which we identify the "false" features in the Fourier
maps, we are able to examine the features likely to result from real scattering-density in
the crystal. We begin by considering the maps for Y2(Ti0.40Zro.60)20 7. All of the maps of
Figure 4.10 are plotted with the same contour intervals, with the four intervals less than
or equal to zero plotted with dashed lines. First we note that regions of high scattering-
density occur, as expected, at the oxygen sites, particularly for 0(1) and 0(2). The shape
of that region for 0(1) is stretched along the <100> and slightly more pointed on the side
nearest to the 0(3) site. This stretched shape is consistent with the fact that the mean-
square displacement derived from the temperature-factor coefficients is greatest in the
<100>, and the pear-shape (particularly notable for the 14500 C map) is consistent with
results for the related phase Gd2Zr20 7 of Moriga et al. [41]. The broad maximum in
density at the 0(3) site has peaks greater than the absolute value of the negative ripples,
confirming that this is the site of the Frenkel defect, as determined by Heremans et al. [1].
The eight lobes of the density at 0(3) for the 200 C map correspond to shifts of oxygen
ions in that site towards the edges and faces of the tetrahedron described by the
neighboring A sites. These shifts are likely representative of positional disorder in solid-
solution, as described above. Note that although the lobes become less distinct with
increasing temperature, the overall shape of the density at 0(3) remains approximately
unchanged in size. This is born out by the relatively constant isotropic temperature-factor
coefficient for 0(3). What the trend in temperature-factor coefficient for 0(3) does not
reveal is that individual oxygen ions occupying 0(3) are probably vibrating about their
distorted static-positions as evidenced by the Fourier maps.
Having left the most exciting feature of the map for Y2(Ti0.40Zr. 60)20 7 until last, we turn
our attention now to the density between 0(1) and 0(2) growing with temperature. This
density occurs at precisely the same position as the most negative density in the 200 C
map, making it likely that it represents a real scattering-density. Figure 4.11 provides
additional support of the view that densities bridging the 0(1) and 0(2) sites represent
real densities. The Fourier ripple described above should be removed from these two
maps since error due to truncation of the Fourier series would be essentially the same for
both the observed and calculated Fourier maps. Taking the difference of these two maps
should cancel the error due to Fourier ripple. What remains should capture the way in
which our model failed to describe the scattering-density distribution in the z = 0.125
plane. The greatest unaccounted for densities occur between the O(1) and 0(2) sites. At
14500 C this density nearly bridges the O(1) and 0(2) sites. This may be taken as
evidence for ionic hopping between the two sites. Additionally, scattering-density may
be seen to increasingly bridge the O(1) and 0(3) sites with increasing temperature. In
fact, a continuous pathway of scattering-density can be seen in the 1450 0 C map, bridging
the O(1), 0(2), and 0(3) sites with p > 0.03. This is just at the detectability limit for
oxygen in this diffraction experiment. Applying Boltzmann statistics to the Fourier map
for Y2(Ti0.40Zr0.60)20, at 1450 0 C, we may calculate an energy for ion-hopping between the
0(2) and O(1) sites. We neglect the sharp decrease in scattering density very near to the
0(2) site since it is located at the first and greatest minimum in density cause by the
Fourier ripple effect. We take the local minimum in density close to the mid-point along
the line between the O(1) and 0(2) sites as the bottle-neck for this ion-hop. The density
at this point relative to the sum of densities at the equilibrium position for O(1) and 0(2)
is equivalent to the relative probability of finding an anion at the bottle-neck as opposed
to at either equilibrium position.
Po(1)-O(2)bottle-neck -exp[ T [4.7]
Po(1)eq + PO(2)eq
The energy thus calculated for ion motion between O(1) and 0(2) sites is 0.46 eV. In
comparison, p is less then 0.01 between nearest neighbor O(1) sites. This observation
runs contrary to the theoretical expectation since the ion-conduction mechanism predicted
for Gd2Zr20, Gd2Ti2O,, Y2Zr20,, and Y2Ti20 7 [50,51,52], consists of 02- hops between
nearest neighbor O(1) sites. Observations made with this three-cation solid-solution,
however, are not strictly comparable to calculations made for the two-cation pyrochlores.
We conclude that for Y2(Ti0.40Zr0.60) 20 7 at 14500 C, it is more likely that the ion-
conduction involves ion-hops between 0(3), O(1), and 0(2) sites along [100]-type
directions than that it consists entirely of ion-hops along nearest-neighbor O(1) sites.
Comparatively, the Fourier-maps for Y2Sn 20 7 are featureless (Fig. 4.12). These maps
have also been plotted using the same logarithmic contours including negative features to
indicate the maximum error. They are mainly included for comparison with the maps for
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Figure 4. 13(a-d). The variation in all refined site occupancies of the pyrochlore compounds with time in a
reducing atmosphere. Each figure is for a sample held at constant temperatures: (a) Y2(ZrO.60TiO.40)207
at 8000C, (b) Y2(Zr.60Ti.40207 at 1000 0C, (c) Y2Sn207 at 1000 0C, and (d) Y2Sn207 at 14000C.
Regions of constant oxygen partial pressure in atmospheres are indicated by arrows. There is no
significant trend observed in any occupancy with reduced oxygen partial pressure.
the temperature-factor coefficients. Also, no unaccounted for defect is apparent in the
z=0.125 plane. We have searched the unit cell for offending densities that may signal
unaccounted for defects and found none.
4.4.4 Structural Order as a Function of Oxygen Partial-Pressure
Generally, no effect was detected with decreased oxygen partial-pressure, P0 2, in the
structural analyses. Results from data-collections made while running a reducing
atmosphere in the sample chamber for two to six hours at fixed elevated temperatures
showed no significant changes. Figure 4.13 shows the resulting site occupancies as a
function of time in reducing environments. For a Po2 as low as 1020 atmospheres at
1000 0 C, the occupancies of Y2(Ti0.40Zr0.60)20 7 remain constant within one standard
deviation. This is somewhat surprising since the combined oxygen occupancy was
shown to decrease with temperature in Figure 4.7, which was interpreted as thermally
induced reduction. The two observations are not immediately reconcilable.
4.5 Conclusions
The focus of this chapter was on how the pyrochlore structure changes with increasing
temperature. We chose to examine the Y2(Ti0.40Zr0.60)20 7 solid-solution and the Y2Sn20 7
compound; the former being partially-disordered and the latter well ordered at room
temperature. The primary result of the study was that generally the quenched structures
were like the structures at elevated temperatures, except with regard to the lattice
parameter and 0(1) coordinate x. From the variation of these parameters with
temperature, evidence was found that the Sn-O bonds are stronger than the average
(Ti0.40Zr0.60)-O bonds. We suggested that this causes the stannate to remain fully ordered,
despite the fact that its Sn 4+ cation radius is greater than that for the (Ti0.40Zro.60)4+ and
leads to low ionic-conductivity for the stannate. Evidence was found for a modest
increase structural order with temperature in terms of the site occupancies, which was
accompanied by a modest decrease in the oxygen content of the two pyrochlores. Debye
temperatures of 666 and 663 were calculated for 0(1) oscillations in the <100> direction
from the increase in temperature-factor coefficients with temperature, for the zircono-
titanate and the stannate respectively. We noted that the temperature-factor coefficients
increased nearly as much with temperature for the cations as for the anions, thus
dispelling the myth of fast-moving anions moving in a relatively static framework of
cations. A rather exciting result of this study was found in the Fourier-synthesis maps of
the scattering-density. Evidence was found suggesting that the ion-conduction
mechanism for Y2(Ti0.40Zr0.60)20 7 at high temperature includes ion-hops between 0(1),
0(3), and 0(2) sites. A final note was included to indicate that the structures were not
changed when in the presence of greatly reducing atmospheres for several hours at
elevated temperature.
5 Structure as a Function of Temperature of a Doped
Pyrochlore: (YO. 9Cao.10)2Ti20 7
5.1 Introduction
We have seen that bonding plays an important role in stabilizing the pyrochlore
superstructure of fluorite, in Chapter 2 and 3. We have further seen an example of the
structures of a highly disordered pyrochlore solid-solution compared to a fully ordered
pyrochlore compound at temperatures as high as 14500 C. Although the Y2Sn20 7
compound had A3" and B4+ cations of more similar radii than those of the
Y2(Zro0 60Ti0.40)20 7 solid-solution, it remained relatively ordered to high-temperature while
the solid-solution showed signs of increased disorder above 1000 0 C. This difference in
structure also helps to explain the greater conductivity of the of the zircono-titanate. A
most exciting discovery was the evidence for a conduction mechanism including ion-hops
between the 0(1) and 0(2) sites for the zircono-titanate. The map of observed scattering-
density in the z = s/ plane for this solid-solution at 14500 C displays densities bridging the
0(2), 0(1), and 0(3) sites, which leads one to believe that migration enthalpies could be
calculated for oxygen ion-hops from temperature-factor coefficients. However, it has
been demonstrated that significant positional disorder contributes to those coefficients,
and that examination of their trend with temperature does not allow one to
unambiguously extract only the part of the temperature-factor coefficients due to thermal
vibration. Lastly, an energy was calculated by application of Boltzmann statistics to the
Fourier map, of 0.46 eV for ion motion between 0(1) and 0(2).
We ask now, if we can understand the enhancement of ionic conductivity caused by
substitution of an aliovalent cation, Ca2+, on the A4' site. It has previously been reasoned
that the substitution creates a doped material, which has extrinsic Schokey defects in a
proportion given by the concentration of the dopant: 2[Vo"] = [CaA']. With all other
factors being equal, the ionic conductivity, ai, is proportional to the product of the
concentration of charge carriers with [Vo"], thus conductivity may be linearly increased
with an increase in [CaA'] to its solubility limit. It has been suggested that the
conductivity mechanism consists of ion-hops to vacant sites among neighboring 0(1)
sites, thus for the dopant to effect conductivity, the vacancies should occur on the 0(1)
site such that: 2[Vo"] = [CaA']. Kramer observed a discrepancy from this linear
dependence of c i on [Voo("] for the (Y,,Cay)2Ti207 system [22]. The activation energy
for ionic conduction decreased to y = 0.02 and then remained nearly constant to y = 0.10.
This was attributed the importance of intrinsic defect formation below y = 0.02. Above
y = 0.20, the ionic conductivity at 10000 C more closely followed a linear dependence on
[CaA'].
In the present chapter, we examine the structure of (Yo.Cao0.)2Ti20 7 pyrochlore using
Rietveld analysis of neutron powder-diffraction profiles. First, we employ a constant-
wavelength source for determination of the room-temperature structure. Here we intend
to resolve whether calcium is located at the A or B site, or in some other site, what the
solubility limit is for calcium in this phase, and whether oxygen vacancies can indeed be
found preferentially on the 0(1) as opposed to another oxygen site. The lattice-model
calculations of Wilde and Catlow find that the solution energies of placing Ca2+ on the A
and B sites strongly favor the A site, with a difference of 3.098 eV [51]. Second,
structures have been determined as a function of temperature, in-situ, between 1580 and
1389 0 C using Rietveld analysis of data from the pyrochlore in a pulsed-neutron beam.
We hope to ascertain whether the defect structure changes with increased temperature, in
the range which this compound is fast-ion conducting. Finally, since Y2Ti20, has been
determined to be a well ordered pyrochlore, we hope to find significant scattering-density
bridging oxygen sites to reveal a conduction mechanism. If such is the case, we may be
able to calculate migration enthalpies or the enthalpy of Frenkel defect formation from
direct observations of the anion vibrations about their sites, since the positional-disorder
contribution to the temperature-factor coefficients should be negligible. Also we may be
able to extract such energies for ion motion directly from the Fourier-synthesis maps.
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5.2 Experimental
5.2.1 Preparation of Samples
A powder sample was prepared by conventional solid-state reaction. Mass proportions
(on the order of 10.0000(1)g) appropriate for synthesis of a pyrochlore, nominally
(Y.Ca0.1)2Ti20 7, of precursors were mixed. The precursors were Y2(CO3)303H 20 99.9%
from Alfa Aesar, CaCO3 99.99% from Malinckrodt, and TiO2 99.9% from J.T. Baker,
where the percentages give the metals-basis purity of the compounds. The mixture was
ground together with an agate mortar and pestle until it was fine enough to pass through a
75 gm sieve. The resulting powder was heated at 50C/min to 1050 0C, held for 10 hours,
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Figure 5. 1 The complete powder-diffraction pattern for the (YO.9CaO. 10)2Ti207 sample at 250C obtained
with constant-wavelength neutron radiation. Experimental intensities are shown as data points and the
continuous line through the data points represent the fitted profile. The difference between the observed
and calculated intensity is plotted on the same scale and displaced below zero for each profile. The hkl for
each non-zero pyrochlore phase maximum is given except where the peaks become too dense. The letter F
marks the substructure maxima. The letter C marks those maxima having only contributions from the
cations and the letter 0 those to which only the oxygen ions contribute. The two greatest intensities for the







Neutron powder diffraction data for the room-temperature structure-refinement was
collected at the research reactor at the National Institute of Standards and Technology at
Gaithersburg, MD, at a temperature of 220 C. The experimental details are identical to
those for the Y2(SnTi,,) 207 solid-solutions found in Chapter 2.
The neutron powder diffraction data that were obtained at elevated temperature were
obtained at the Intense Pulsed Neutron Source (IPNS) at Argonne National Laboratory.
The sample used in this experiment consisted of pellets, pressed at 5000 psi, 1 cm in both
diameter and thickness. The pellets were sintered at 15700 C for 1 hour. A stack of
pellets of a given composition, approximately 4.0 cm in height, was placed in the Miller
Furnace in the Special Environment Powder Diffractometer at IPNS for in-situ neutron
diffraction. The experimental details are identical to those for the Y2(Zro0 60Ti0.40)20 7 and
Y2Sn20 7 pyrochlores found in Chapter 4, except that the sample environment was always
air. Also, the signal-to-noise ratio for the diffraction pattern of this doped yttrium titanate
was sufficient for precise Rietveld refinement after just 90 minutes as opposed to in
Chapter 4, where 150 to 180 minutes of data-collection time was required.
5.3 Refinement of the Structures
For a complete discussion of the refinement of neutron diffraction profiles see the
Refinement of the Structures sections in Chapter 2 for the handling of data from NIST
and Chapter 4 for the handling of data gathered at IPNS. The profile from the constant
wavelength (X = 1.5396 A) data gathered at NIST is shown in Figure 5.1, and three
representative patterns from the pulsed-neutron data gathered at IPNS is shown in Figure
5.2. The considerations including, the number and type of parameters are identical. The
one exception to this rule is that minority phases contributing to the powder-profiles were
modeled as part of the analysis.
102
















CV M0 ' 0
0 , C ,a . ...
* I I I ~ I I I
0.8 1.0 1.2 1.4 1.6 2.0 2.5 3.0 3.5
d (A) d(A)
Figure 5. 2 Powder-diffraction patterns for (YO.9CaO 10)2Ti20 7 sample at 158, 984, and 1389 OC
obtained with pulsed-neutron radiation. A low-d and high-d region are displayed on independent scales.
Experimental intensities are shown as data points and continuous lines through the data points represent
the fitted profiles. The difference between the observed and calculated intensity is plotted on the same
scale and displaced below zero for each profile. Hash marks indicate the peak positions for the
substructure, complement-superstructure, alumina, and perovskite, phases from top to bottom between the
diference-line and the intensity data. The hkl for each non-zero pyrochlore phase maximum is given for T
= 20, except at low-d where the peaks become too dense. The letter C marks those maxima having only
contributions from the cations and the letter 0 those to which only the oxygen ions contribute. The visible
intensities for the two minor phases are indicated
A single minority phase, CaTiO3 perovskite, in the sample was detected in the data from
NIST. The most intense two maxima from this phase occur at 40.650 and 41.050 20. It is
fortunate that the ratio of calcium to titanium ions in this minority phase is nominally
unity. If calcium ions are located on the A site in the pyrochlore phase, then for every
Ca2+ ion taken from the A site of the ideal pyrochlore having the nominal stoichiometry
(YO.9Ca.1) 2Ti2O, a compensating Ti4+ ion is removed from the B site, leaving the ratio of





perovskite phase is successfully determined by Rietveld analysis, the correct formula for
the pyrochlore phase may be deduced. The relation between the weight-fraction of
perovskite and the corrected formula for the pyrochlore may be determined from the
following chemical equilibrium,
(Yo.90 Cao.10)2Ti2O6.9 = P*(YlCam)2Ti20n + Q* CaTiO3 + RO02(vapor) , [5.1]
where 1, m, and n are respectively, 0.9/P, (0.2-Q)/2P, and (4P-Q+2.9)/P. It is trivial to
derive the following resulting relation between the weight fraction of CaTiO3, WCT, and
the coefficients P and Q:
Q = M + [5.2]
LMycr WT 2
P =1- Q/2 , [5.3]
where the molecular weights of the perovskite and pyrochlore phases are represented by
MCT and MYCT respectively. We note that MYCT is a function of WCT, thus given a
weight fraction of CaTiO3, 1, m, and n must be solved for iteratively.
To calculate the weight fraction of perovskite in the sample, a structural model for
CaTiO3 had to be assumed since the contribution of the phase to the diffraction pattern
was very slight. Our model was based on that determined by Kay and Bailey [78]. Their
model is pseudo-orthorhombic with a shear angle, Ishear = , - 900 = 48'. Having less
than five visible maxima for the phase, but recognizing the lattice parameters could be
shifted from those used by Kay and Bailey, we assumed ,shear to be zero and refined the
parameters for the three orthogonal unit cell vectors. The atomic positions occupied of
the space group Pcmn were:
Ti in 4a: V2, 0, 0;
Ca in 4c: 0, , 0.030;
O in 4c: 0.463, , -0.018;
O in 8d: 0.232, -0.026, 0.232.
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In an effort to limit the number of refined parameters for this minor phase, the overall
isotropic temperature-factor used for CaTiO3 was constrained to be equal to the only
isotropic temperature-factor for the pyrochlore, that of 0(2). The peak-shape for the
perovskite phase was constrained to be identical to that of the pyrochlore.
No provision existed in GSAS Version 6 for DOS [54] (the program used for the Rietveld
analysis) to write the complex constraint necessary for refinement of the weight fraction
of perovskite simultaneous with the occupancy of Ca2+ in the pyrochlore. As such, all
Ca2+ was assumed to reside on the A site of the pyrochlore, and refinement of WCT
proceeded iteratively. First, the nominal composition of the pyrochlore was assumed and
WCT was refined along with all other parameters for the total model. Then a new
stoichiometery, 1, m, n, was calculated from the above relations. The second iteration
proceeded using the new stoichiometry, from which a second WCT was obtained. Five
iterations were required before no change was calculated for the stoichiometry. The final
resulting stoichiometry was (Y0.921Ca0.078)2Ti206.921.
Results from three refinement strategies are tabulated for comparison, Table 5.1. For the
first, indicated by "stoich-O(3)", the occupancies of all three oxygen sites were allowed to
vary, while maintaining a total number of oxygen atoms per unit cell set by charge
neutrality. That is to say, the sum of the products, site occupancy times multiplicity, for
O(1), 0(2), and 0(3) was constrained to equal 8n, where there are 8 formula units per unit
cell. For the second, indicated by "stoich", the occupancy of 0(3) was fixed at zero, and
the remaining two site-occupancies were constrained to maintain charge neutrality. For
the third, indicated by "free", all three site-occupancies were refined with no constraint.
The data from IPNS presented an additional difficulty: a second minority-phase is present
in the patterns - a-Al2O 3 corundum. The sample used was apparently not tall enough
such that the A120 3 supporting it from above was in the diffracted beam. Since the
furnace rig supporting the sample was hanging from above, scattered intensity due to this
phase increased with temperature as the rig expanded. For these refinements the ratio of
perovskite to pyrochlore phase-fraction and thus the occupancy of Ca2+ on the A site were
fixed at the values obtained for the "free" refinement of the NIST data (note that these
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Table 5. 1. Results from Refinement of Data from a Constant-Wavelength ( -= 1.5396A) Neutron-
Source. Values of the Lattice Constant, Atomic Coordinates, Site Occupancies, and Anisotropic
Temperature-Factor Coefficients, Peak Shape, and Residuals for the Y2Ti20 7 and (Yo.,Cao.o) 2Ti20O
Phases, and the Weight Fraction and Lattice Constants of the Minor CaTiO3 Phase.
Site Y2Ti20O stoich-0(3) stoich free
a (A) 10.0985(1) 10.10169(4) 10.10169(4) 10.10170(4)
0(1) in 48f mm xl/el/e
NO() 1.00 0.987(1) 0.988(2) 1.000(5)
x 0.42074(7) 0.42114(9) 0.42112(9) 0.42115(9)
ull<100> a 0.72(3) 1.26(4) 1.26(4) 1.29(4)
u22<0 1 1> 0.28(4) 0.55(6) 0.54(6) 0.59(6)
u33<0-11> 0.69(4) 1.08(6) 1.08(5) 1.11(5)
0(2) in 8a -43m ''1V
NO(2) 0.992(4) 0.989(5) 0.991(9) 1.01(1)
uiso 0.43(4) 1.03(5) 1.05(6) 1.09(7)
0(3) in 8b -43m %%%
NO(3) 0.008(4) 0.008(7) 0 0.008(7)
ul = u22 = u33 0.47(3) 1.03(5) 1.09(7)
A in 16c -3m 0 0 0
[YB] 0 0.007(3) 0.007(3) 0.006(3)
NCa 0 0.079 0.079 0.078
ull<1 11> 0.39(5) 0.51(6) 0.48(6) 0.50(6)
u22<-110>=<-1-12> 0.94(4) 1.58(6) 1.59(5) 1.58(5)
B in 16d -3m '/2 2'
ull<111> 0.47(3) 0.2(1) 0.2(1) 0.1(1)
u22<-110>=<-1-12> 0 0.9(1) 0.9(1) 0.9(1)
CaTiO3, Nobs = 255
wt% 0.0162(7) 0.0164(7) 0.0177(9)
a (A) 5.361(1) 5.361(2) 5.361(2)
b (A) 7.636(3) 7.636(3) 7.636(3)
c (A) 5.436(2) 5.436(1) 5.436(2)
Peak Shape
GU 226(3) 217(4) 217(4) 216(4)
GV -270(6) -230(7) -230(6) -229(6)
GW 162(3) 134(7) 133(3) 133(3)
LX 2.3(1) 1.4(1) 1.4(1) 1.5(1)
Asymmetry 6.2(3) 8.2(2) 8.2(2) 8.2(1)
Zero (10-2020) -1.4(2) -0.113 -0.113 -0.113
Reflection Residuals
Rp b 0.0541 0.0597 0.0597 0.0595
Rwp c 0.0677 0.0771 0.0771 0.0770
expected Rwp d 0.0631 0.0672 0.0713 0.0713
RBragg, Nobse 0.220, 74 0.0452, 70 0.0458, 70 0.0447, 70
Note. Standard deviations are in parentheses.
a The temperature factor is defined as: exp[-2,,(ujh 2a*2+...+uN2hka*2+...)]. The coefficients listed have been
diagonalized along the crystallographic directions given as <hkl> and multiplied by 100. They give the mean
square displacement in A2 of the site occupant.
b Rp = ZI Yi(obs)-Yi(caOl /IYi(obs), where Yi is the intensity at 20.
c Rwp = {wi[ Yi(obs)-Yj(cal)l / EwiYi(obs) )}, where w is the weight assigned to Yi in proportion to the
reciprocal of the square of its standard deviation.
d expected Rwp = Rwp / (&)", is lowest R,, that can be expected from the refinement
e RBragg = IIb(obs)-Ib(cal)l / lb(obs) , where Ib is the integrated intensity of the individual Bragg peak,
Nobs is the number of Bragg peaks observed.
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Table 5. 2. Results from Refinement of Data from a Pulsed Neutron Source. Values of the Lattice
Constant, Atomic Coordinates, Site Occupancies, and Anisotropic Temperature-Factor Coefficients,
Peak Shape, and Residuals for the Y2Ti20 7 and (Yo.,Cao.1o)2Ti20 7 Phases, and the Weight Fraction
and Lattice Constants of the Minor A120 3 Phase and the Lattice Constants of the Minor CaTiO3
Phase.
Site T (C)= 158 883 934 984 1085 1134 1184 1286 1337 1389
10.11307 10.19243 10.19789 10.20337 10.21450 10.22014 10.2256
(6) (7) (8) (9) (9) (8) (7)
10.23732 10.24318 10.24897
(8) (8) (8)
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1.05(1) 1.04(1) 1.03(2) 1.03(2) 1.04(2) 1.03(2) 1.04(1) 1.05(2) 1.04(2) 1.03(2)
1.00(5) 2.02(8) 2.1(1) 2.3(1) 2.3(1) 2.6(1) 2.45(9) 2.7(1) 2.9(1) 2.8(1)
-0.004(5) -0.013(6) -0.017(7) -0.015(9) -0.013(8) -0.004(7) 0.000(6) -0.012(7) -0.014(7) -0.005(7)
-0.045(5) -0.038(6) -0.039(8) -0.035(8) -0.036(8) -0.030(7) -0.039(7) -0.030(7) -0.030(7) -0.024(8)
1.3(1) 1.5(2)
3.92(9) 4.1(1)
1.4(2) 1.5(2) 1.6(2) 1.5(1) 1.6(2) 1.5(2) 1.8(2)
4.3(1) 4.4(1) 4.4(1) 4.5(1) 4.9(1) 5.0(1) 5.1(1)
1.8(2) 2.0(2) 2.4(3) 2.4(3) 2.7(3) 2.2(2) 2.1(3) 2.5(3) 2.5(3)
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132 136 136 136 136 136 136 136 136 138
Note. Standard deviations are in parentheses.
a The temperature factor is defined as: exp[-2Af(uih 2a*2+...+u,2hka*2+...)]. The coefficients listed have been diagonalized
along the crystallographic directions given as <hkl> and multiplied by 100. They give the mean square displacement in A2 of
the site occupant.
b Rp = 11Yi(obs)-Yi(cal)I /ZYi(obs) , where Yi is the intensity at 29.
c Rwp = (wi[ Yi(obs)-Yi(cal) /ZwiYi(obs) }, where w is the weight assigned to I in proportion to the reciprocal of the square of
its standard deviation.
d expected Rwp = Rwp I ()I, is lowest Rp that can be expected from the refinement.
e RBragg = ZIIb(obs)-Ib(cal)l /lb(obs), where Ib is the integrated intensity of the individual Bragg peak, Nobs is the number


















parameters are essentially the same for all three refinements of the NIST data, but that
residuals for the "free" refinement are lowest). This eliminated one parameter from the
burgeoning number of parameters necessary for refinement of this three-phase mixture.
Again it was necessary to assume the atomic coordinates of A120 3, since so few
intensities were measurable near room temperature. Luckily, an A120 3 standard was
previously characterized for the SPED instrument at IPNS [79]. The atomic coordinates
taken from this characterization were (expressed in the hexagonal setting of space group
R-3c):
Al in 12c: 0, 0, 0.35228;
O in 18e: 0.30619, 0, %;
Below 984'C the alumina intensities were still too small to calculate the c lattice constant
independently (Fig. 5.3), thus the ratio of cla was fixed at the average ratio determined at
room temperature by Jorgensen et al.: 2.7308. At 984 0 C and above, both parameters
were refined independently. Since the alumina in the neutron-beam was not a standard
material, but instead a structural material designed to optimize mechanical integrity, it is
likely that it has a very fine grain-size. The peak-shape parameter, T2, which has a
particle-size contribution, was thus refined for the A120 3 independently from that refined
for the pyrochlore and perovskite phases. We determined that Y2(Zro.60Ti0.40)20 7 and
Y2Sn 20 7 pyrochlores reduced slightly but significantly in the temperature range 20 to
1450 0 C in Chapter 4. Therefore, no constraint was made on the oxygen occupancies;
NoO), NO(2), and N 3)> were refined independently.
5.4 Results
The observed and calculated powder diffraction profiles for (YO.9 Ca.1)2Ti20 7 using the
constant-wavelength and pulsed sources are shown in representative patterns presented in
Figures 5.1 and 5.2. Data from both sources have been scaled to handle the instrument
specific parameters, while preserving the proper weight for each observation, as described
in Chapter 2 for the NIST data and Chapter 4 for the IPNS data. The calculated fits
provided the structural parameters of Tables 5.1 and 5.2. Below each profile the
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differences between the observed and calculated intensities are plotted to the same scale.
Reflection positions are marked by hash-marks just below the diffraction-profile for the
IPNS data collected at 158 0C. The index, hkl, of each reflection is noted above the
maxima, except where the density of reflections is too great. There, only larger maxima
are labeled. Those peaks having contributions only from the cation array are marked "C"
and those resulting only from scattering by the anion array are marked "O".
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Figure 5. 3 The increase with temperature in weight fraction ofAl203 from the sample support. Data from
the short intervals are plotted as line, and data from the refinements made while temperature was held
constant are plotted as circles. The increase in time indicated with arrows shows that the bulk of the
heated alumina cooled more slowly than the sample.
All patterns consist of sharp, intense complement superstructure maxima and less intense
substructure maxima. The greater relative intensity of the superstructure maxima results
from the fact that the difference in scattering length between yttrium and titanium is
greater than the sum of their scattering lengths (by= 7.75fin, bTi = -3.37fm). The peaks
appear primarily Gaussian. The reflections at low d diminish with increasing temperature
as a result of the increase in temperature-factors with temperature. Only a few maxima
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due to the minor phases are visible as indicated above the profiles. The intensity of the
alumina maxima increase with temperature, but that of the perovskite maximum at 2.2A
stays in constant relative proportion to the neighboring substructure peak, 331. The
difference-line in the region of the most intense perovskite peaks (d - 2.2A) remains flat
for all temperatures, validating our assumption that molar ratio of perovskite to
pyrochlore phases remains constant with temperature. No additional minor phases appear
unaccounted for on examination of the relatively featureless difference-line. Also, no
systematic error as a function of hkl is revealed in the difference-line. Lastly, the
background for all patterns appears to be rather flat, as opposed the undulation observed
for the Y2(Zr0. 60Ti0.40)20 7 solid-solution which we suggested could result from short-range
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Figure 5. 4 The lattice constants of the CaTi03 minor phase as a function of temperature are plotted. The
trends are approximately linear, and thermal expansion coefficients 16.6, 9.96 and 9.82 .10-6 K- 1,
respectively for a, b, and c, were calculated from linear regressions. The data are reasonably close to
those of Kay and Bailey.
110
5.4.1 Analysis of Minor Phases
We first consider the NIST data collected using a constant wavelength source at room
temperature. At first, the presence of CaTiO3 perovskite in the sample appears to be a
complication that should send the researcher back into the laboratory to synthesize a new
calcium doped sample consisting of single-phase pyrochlore. However, the phase is
present in a small enough portion that the major phase could be analyzed to high
precision (Rbragg < 5%) yet still in large enough proportion that lattice constants and
weight fraction of the minor phase could be refined. In fact, the refined value of the
weight fraction of perovskite is just precise enough to determine the concentration of
calcium in pyrochlore to one part in one thousand, a level of precision equal to the
estimated standard deviation of the most precisely refined occupancy for the pyrochlore.
Thus the solubility limit of calcium in (Y,,Cay)2Ti 2O7~ is determined to be 0.078(1), by
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Figure 5. 5 The lattice constants of the A1203 minor phase as a function of temperature are plotted. The
trends are approximately linear, and thermal expansion coefficients 8.44, and 9.09 *10- 6 K-1, respectively
for a and c, were calculated from linear regressions.
Let us turn our attention to the IPNS data collected using a pulsed-source and the Miller
furnace. The increase with temperature in weight-fraction of A120 3 in the neutron beam
is displayed in Figure 5.3. It is slight at room temperature but 10% at highest temperature
observed. As a result of the large thermal-mass of alumina beyond the scope of the
neutron beam where temperature is measured directly by a platinum-15%rhodium
thermocouple, the bulk of the heated alumina does not cool as quickly as the sample. The
weight fraction of alumina thus shows some histeresis as indicated by arrows in the
figure.
The increase in lattice constants for both minority phases with temperature was
approximately linear between 158 and 1400 0 C, as is evidenced by Figures 5.4 and 5.5. It
should be noted that the lattice constants determined for the minor phases are likely to be
systematically biased by the fact that a completely independent peak-shape for each
minor phase was not refined. Due to this fact, and due the fact that the phases may not be
pure as assumed, the results for lattice constant as a function of temperature should not be
taken at face-value by researchers interested in the perovskite or alumina phases. The
trends are useful to us in other ways. If the lattice constants of CaTiO3 follow the
observed trend with temperature reported in the literature, that is evidence that the
perovskite phase has a atomic ratio of calcium to titanium of unity at all temperatures.
Kay and Bailey [78] observed that a and c for the perovskite phase increase sigmoidally
with temperature in the range -150' to 3100 C. In the temperature range we observe that
the trends are approximately linear. We note that the figure by Kay and Bailey showing
the variation of CaTiO 3 lattice constants with temperature is in error: the value of the
lattice constants determined at room temperature occurs at -850 C in the figure.
Accounting for this discrepancy, our results are still significantly different from those of
Kay and Bailey. We have slopes and intercepts (resulting from linear regression) for a; b;
c in A of 9.0; 7.7; 5.4 and 5.333; 7.624; 5.412 *10-K'. Kay and Bailey have 11.8; 5.4
*10' 5K ' and 5.338; 5.435 for a; c in A. Particularly our values for the slope and intercept
of a are low in comparison to those of Kay and Bailey. Extrapolation to 220 C from our
results yields a; b; c in A of 5.3594; 7.6467; 5.4277 (cell volume = 222.4A3) which may
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be compared to those of Kay and Bailey: 5.3670; 7.6438; 5.4439 cell volume = 223.3 3.
The difference is small enough to suggest that our assumption of the perovskite phase
consisting of calcium and titanium in equal atomic fraction is approximately valid.
The lattice constants obtained for A12 0 3 present a much more precise trend with
temperature. A slight concave-up deviation from the linear regression is visible for both
a and c. Linear thermal-expansion coefficients were approximated from the regression
line by Aa/ATao, where ao is the lattice constant at 1000K, and Aa/AT is the slope of the
line. They are 8.44 and 9.09 *10-6K' for a and c respectively. These compare favorably












200 400 600 800 10001200140016001800
Temperature (K)
Figure 5. 6 The lattice constant of
(YO.9Ca0.10)2Ti207 as afunction of temperature is
plotted The trends are nearly linear, and a thermal
expansion coefficient of 10.38 .10-6 K-l, was
calculated from the linear regression. The data are
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Figure 5. 7 Variation of the coordinate xfor 0(1) in
48f x1 /81/8 plotted for (YO.9CaO.IO)2Ti207 as a
function of temperature. Data from 30 minute
collections made continuously during heating and
cooling are plotted as open symbols, and data from
90 minute collections made during periods of
constant temperature are plotted as larger filled
symbols. The coordinate increases with increasing
temperature because the B-0(1) bonds are stronger
than the A-0(1) bonds. It appears that the sample
remains highly ordered at the most elevated
temperatures, because the trend in x never bends
downward, which is a sign of disordering.
5.4.2 Variation of Structural Coordinates with Temperature
Examination of the lattice parameter as a function of temperature can illuminate problems
in the refinement. At first we noticed three data points that departed from the smooth
113
trend shown in Figure 5.6. The temperature for those three observations was incorrectly
tabulated, and once the problem was fixed, lattice constants for all 68 refinements
followed a smooth curve as a function of temperature. The curve is only slightly
concave-up from linear in the measured range. Regression yields a significantly greater
linear thermal expansion coefficient of 10.38. 10-6K 1 for the (Yo.,Cao. 1)2Ti20 7 than those of
the polycrystalline component oxides: Y20 3 and TiO2; 8.5, and 9.7 *10-K 1'. This may be
attributed to the relatively loose framework of the open-structured pyrochlore as also
observed for Y2(Zro.60Ti0.40)20 7 and Y2Sn20 7 in Chapter 4. The relation between lattice
constant and temperature in Kelvin is:
a(A) = 10.0715(5) + 10.56(4)*10-5.T [5.1]
respectively, where the estimated standard deviations for the coefficients are given in
parentheses. The fit is good with a residual R for the regressions of 0.9997. The lattice
parameter at 295K extrapolated from this line is 10.1027+6 A which is slightly greater
than that observed at 295K using the NIST data. The agreement is reasonable.
In the previous chapter we show evidence for the onset of thermal-disordering in the
Y2(Zro.60Ti0.40)20 7 solid-solution above 1000 0 C in the trend of the 0(1) coordinate x with
temperature. This was not surprising since the composition has a great degree of disorder
at room temperature. Generally, however, a positive trend with temperature was
observed and attributed to the greater strength of the 0(1) bond with the B4+ cation
relative to that with the A3+ cation. In Figure 5.7 an increasing trend in x with
temperature is also observed for (YO.9 Ca0.1)2Ti 20 7. The trend is well described by a line
thus the expansion of the A-0(1) and B-0(1) bond lengths must also be linear. Note that
the extrapolation to 25 0 C from this line agrees well with the results from the NIST data.
Figure 5.8 shows the thermal expansion of those bonds. Thermal-expansion coefficients
for each bond were approximated using a linear regression of the data using the
approximation Al/ATl0, where 10 is the bond length at 1000K, and Al/AT is the slope of
the line. The thermal expansion coefficient for the A-0(1) and B-0(1) bonds are 14.0
*106 and 8.6 .106 K1' respectively. These are both greater than those observed for either
Y2(Zr0.60Ti 040)20 7 or Y2Sn 20 7. The expansion of the A-0(1) bond relative to that of the B-
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0(1) bond should be nominally 4/3, since 0(1) is in tetrahedral coordination with two
bonds to A3+ and B4+ each. The nearest neighbor coulombic attraction of 0(1) towards
the B4+ pair is nominally 4/3 of that towards the A3' pair. We observe a marginally
greater value of 1.63 for (YO.Ca0. 1)2Ti20 7, which falls between the values observed for
Y2(Zro.6oTi 0.40)20 7 and Y2Sn20, which were 1.52 and 2.25. This indicates that the strength
of the Ti-O(1) bond is just greater than that of the (Zro.o6 Ti0.40)-O(1) average bond and less
than that of the Sn-O(1) bond. We note that previously we attributed the tendency of the
yttrium-stannate to remain ordered, even at elevated temperatures, to the high Sn-O(1)
bond-strength observed from this value of relative expansion in bond-length. If this
suggestion holds, it is possible that the doped yttrium-titanate would show some sign of
increasing disorder at elevated temperatures, since the value of the relative expansion in
bond length for yttrium-titanate is similar to that of the yttrium-zircono-titanate, which
did show signs of thermally-induced disordering.
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Figure 5. 8 The increase with temperature in bond length for the A-O(1) and B-O(1) bonds are plotted for
(YO.9CaO.10)2Ti207 pyrochlore. Lines resulting from linear regression have been used to calculate
thermal expansion coefficients for the bonds. Those are aAO(1) = 13.94 and aBO() = 8.55 .10-6 K- 1 .
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5.4.3 Change in Disorder in Cation and Anion Arrays with Temperature
The basic questions concerning the structure of this doped pyrochlore are answered in the
results for the occupancies determined from the NIST data at 250 C. The first question is,
can we resolve a vacancy concentration given by, 2[Vo*] = [CaA'], and the second is, on
which sites are the vacancies found. The "stoich" models have a net number of oxygen
atoms per unit cell set by charge neutrality. Among these models, we can therefore see
whether the vacancy concentration is greater on the 0(1) or on the 0(2) site. It comes as
a surprise that there is no significant difference in the occupancies. We expect that the
vacancies would tend to be located nearest to the dopant due to their electrostatic
attraction. At low concentration, essentially zero vacancies should be coordinated to
more than one CaA'. Since the A site is coordinated by 2 0(2) sites and 6 0(1) sites, a
given vacancy should be three times more like to locate on the 0(1) site, assuming the
vacancy has an equal energy in either site. Given [CaA']= 0.078, we would expect
occupancies, NO(1) = (48 -3/4,2[CaA'])/48 and NO(2) = (8 - 4'2[CaA'])/8, which results in
occupancies 0.9994 and 0.9988 for 0(1) and 0(2) respectively, a difference which would
elude our detection. From this simple analysis, it would seem that our result is to be
expected, however, the energy of defects on the 0(2) site has been calculated to be
significantly greater than on the 0(1) site for the pure Y2Ti20 7, 20.38 and 17.02 eV
respectively [51 ]. If the energies of defect-formation are similar for the doped pyrochlore
to those of the pure yttrium-titanate, it should be much more likely that the vacancies
occur on the 0(1) site. Caution is advised in accepting these defect energies, however,
since our results from Chapter 2 contradict their prediction of vacancies on the 0(1) site.
Instead occupancy of the 0(3) site was compensated by vacancies on the 0(2) site. We
conclude that energy of defect-formation on the 0(1) site is approximately equal to that
on the 0(2) site.
The second question that is answered in the refinements from the NIST data, is can the
deficiency in oxygen occupancy be discerned unambiguously from neutron-diffraction
data. Comparison between the occupancies for the "free" refinement with those of the
"stoich" refinements shows that the results are equivalent within two standard deviations
116
but not within one. The "free" refinement shows no net deficiency in oxygen-occupancy
and it has produced the best fit to the data. This result is ambiguous. First it appears that
the sum of oxygen-anions per formula-unit is significantly above that calculated for
charge neutrality, since the minimum sum is 6.971 and the maximum sum from charge
neutrality is 6.923 considering one standard deviation. But within two standard
deviations the calcuated and refined sums overlap. Nonetheless, it is significant that for
the "free" refinement, the occupancy of 0(1) and that of 0(2) are nearly equivalent.
Lastly we find that our typical parameters for disorder are just on the edge of
significance. The "free" and "stoich" refinement both result in a slight, positive
occupancy of 0(3), 0.008(7). This may be neglected, but it is interesting to note that
value is equivalent to that for the pure Y2Ti20 7 determined in Chapter 1. A small but
significant disorder is observed among the cation array with the occupancy of Y3  on the
B site at 0.007(3) for all three refinement strategies. This is in variance with the results
for the pure phase where no significant cation disorder was observed. Perhaps the
compression caused by having some Ca2+ on the A site is relaxed by the exchange of y 3'
on the A site with Ti4+ on the B site (Shannon radii for the ions in their coordinations are
1.12, 1.019, and 0.605 A for Ca2+vm, 3+v, and Ti4+VI [32]).
Figure 5.9 presents the variation with temperature of all refined occupancies for
(Y0.9Ca0.1)2Ti20 7 pyrochlore at once for comparison. We believe that although the
occupancies represent non-physical states, since the values are almost all negative or
greater than unity, the trends in those values have some meaning. That the values are
slightly pushed into a non-physical regime, is the sign of some other problem with the
refinement causing this systematic error. We note that it is possible that since the nature
of the systematic error is unknown, it is possible that the trends observed are also features
of that error. Only the occupancies NO(l) and [YB] have a significant trend with
temperature, and even then, the trends are slight. The decrease in NO(l) indicates that the
sample is probably reducing slightly at elevated temperatures, and the increase in [YB]
suggests an increase in disorder on the cation array with increasing temperature that is
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Figure 5. 9 Change in all refined site occupancies with increasing temperature of the (YO.9Ca. 10))2Ti207
compound Occupancies generally remain unchanged, but the 0(1) decreases and the [YB] increases
slightly on heating. This is not a surprise, as a slight reduction was observed for previous pyrochlore
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Figure 5. 10 Diminishing combined occupancy for the oxygen sites with temperature is plotted for
(YO.9Ca0.10)2Ti207. This quantity is the sum of the products, site occupancy times multiplicity,
normalized by the total number of oxygen anions in an ideal pyrochlore: (NO(1) *48 + NO(2)*8 +
NO(3) *8)56. The trend may be accountedfor by a decrease in NO(J).
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Similar to the Y2Sn20 7 compound of Chapter 4, the decrease in combined occupancy of
the oxygen sites as a function of temperature, Figure 5.10, is due almost entirely to a
decrease in NO(J). This combined occupancy is the sum of the products, multiplicity
times occupancy, for each site normalized by 56, the total number of oxygen atoms per
cell for the ideal pyrochlore. At variance to the results for yttrium-stannate, the
(Yo.Cao.1) 2Ti 2O7 compound shows an increase in cation-disorder occurring together with
this decrease in combined occupancy of oxygen sites. The present result matches with













S 200 400 600 800 10001200140016001800
2 Temperature (K)
Figure 5. 11 The increase in mean square displacement of oxygen about the 0(1) site with temperature is
shown for (YO.9CaO.10)2 Ti207. Solid symbols. are used for the data from 90 minute collections made
during periods of constant temperature, and open symbols for data from 30 minute collections made
continuously during heating and cooling are plotted These quantities are calculated from the
diagonalized matrix, uj, of anisotropic temperature factor coefficients, which has principal elements giving
the mean square displacement of oxygen in the <100>, <0-11>, and <011>, crystallographic directions.
Debye temperatures of 612, 588 and 940 K were calculated from the increase in displacement of 0(1) in
the <100>, <0-11>, and <011> direction with temperature respectively.
The anisotropic temperature-factor coefficients describe the distribution of the scattering-
density about the atomic site, and thus relate the amplitude of the displacements about the
site. The tensor, uij, of anisotropic temperature-factor coefficients may be diagonalized
to yield the principal orthogonal vectors whose magnitudes give the maximum, minimum
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and intermediate mean-square displacement for an atom from its site. A detailed
discussion of these temperature-factor coefficients and their relation to the Debye
temperature is given in the Results section for Chapter 4. The resulting principal
coefficients uii give the mean-square displacements for site occupants, Fig. 5.11 and 5.12.
These displacements are generally due in part to both static displacements of atoms
occupying the site and the vibration of those atoms, but primarily due to thermal vibration
for the present sample. Evidence for this assertion lies in the observation that mean-
square displacements approach values near zero as temperature approaches absolute zero.
Above the Debye temperature the Debye model predicts a linear dependence of the mean-
square displacement on temperature as 3h2T/47emke 2. Departures from this dependence
may be primarily attributed to anharmonic oscillation of atoms about their sites, which
the Debye model does not account for [75]. The Debye temperatures of 0(1) extracted
from the observations of mean-square displacement are nearly equivalent for the <100>
and <0-11> at 612 and 588 K, but for the <011> the Debye temperature is 940K.
Adjacent B sites in the 0(1) configuration lie in the <011> and adjacent A sites in the <0-
11>. This difference in vibrational amplitude between the principle directions was
credited to the greater stiffness of the B-O(1) relative to the A-0(1) bonds in Chapter 2,
and has been observed for all compounds examined in the present thesis.
The increase with temperature of the mean-square displacements of the cations for the A
and B sites, Figure 5.12, may be used to calculate Debye temperatures for the cations. It
is obvious from the visible confusion of up and down triangles marking the displacements
for the B site that the temperature-factor coefficients do not deviate significantly from
one another above 600K for the two principal directions, <111> and all directions normal
to <111>. The Debye temperatures calculated for the B site are respectively 837 and 935
K for the <111> and <-110> crystallographic directions. The growing similarity of these
values can be explained by the B site coordination. The B site is coordinated by 6 0(1)
ions in a distorted octahedron where the faces normal to <111> are always described by
an equilateral triangle of anions but the other 6 faces are described by shortened isosceles
triangles.
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Figure 5. 12 The variation with temperature in mean square displacement of the cations about their
respective A and B sites is shown for (YO.9CaO. 10)2Ti207. Solid symbols are used for the data from 90
minute collections made during periods of constant temperature, and open symbols for data from 30
minute collections made continuously during heating and cooling are plotted. The two independent
principal elements of the diagonalized matrix, uij, of anisotropic temperature factor coefficients give the
mean square displacement of the cations along and normal to <111>. Debye temperatures of 1022 and
611 Kfor the A site, and 837 and 935 Kfor the B site were calculatedfrom the increase in displacement of
the cations in the respective <111> and <-110> directions. The increase with temperature ofA <-110> is
close to those observedfor 0(1) in <100> and <0-11>.
As x increases, as it does with temperature, the B site coordination approaches an ideal
octahedron (ideal for x = 0.4375). The component of force from the B-O(1) bonds
parallel to <111> increases with x less rapidly than does the component of force from the
B-O(1) bonds normal to <111>. Therefore, the mean-square displacement for B in the
<111> should increase more rapidly with temperature than the perpendicular
displacement. The Debye temperatures calculated for the A site are 1022 and 611 K for
the respective <111> and <-110>. This great difference may again be explained by the
increase of x with temperature. As the temperature rises the A-O(1) bond-lengths
increase as a result of both the rising lattice constant and the increase in x, while the A-
0(2) bond, oriented parallel to the <111>, has a length that is independent of x.
Therefore, the bonding environment with respect to vibrations normal to <111> becomes
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more open with an increase in temperature than does the bonding environment in the
<111>. Thus, we expect that the mean-square displacement of A in the <-110> should
increase more rapidly with temperature than in the <111>. Note that the Debye
temperatures for cations are in the same range as for the anions. A similar comparison
between anion and cation displacements was made in Chapter 4 for Y2(Zro.60Ti0.40)20 7 and
Y2Sn 20 7. The cation framework for this oxygen conductor is certainly not relatively
static.
5.4.4 Fourier Synthesis of Scattering-density
One of the primary reasons for examining the structure of this doped pyrochlore was that
it is fast-ion conducting and well-ordered. Therefore at greatly elevated temperature, we
thought it possible to extract the enthalpy of migration or the enthalpy of Frenkel defect
formation from the temperature-factor coefficients. Since the sample is a well ordered
pyrochlore, we may assume that the magnitude of the oxygen anion displacements should
result entirely from the thermal vibration and not from positional disorder. Positional
disorder inherent to a solid-solution clouded the very exciting data for Y2(Zr. 60Ti. 40)20 7,,
in which a region of positive scattering-density nearly bridged all three independent
oxygen sites along the <100>. In search of similarly interesting features for the
(Yo.Cao.1)2Ti2 ,, a set of Fourier synthesis maps calculated from the observed intensities
for z = 1/s is provided in Figure 5.13. These are contour maps of the scattering-density, p,
plotted on a logarithm scale. The scattering-density, p, is the coherent scattering length b
normalized by the unit cell volume. The maps are scaled to reveal both features that
probably result from regions of real scattering-density in the crystal and features that
result from the truncation of the Fourier series due to the limited number of intensities. A
careful discussion on how to recognize false features in the maps appears in the section
dealing with Fourier maps in Chapter 4.
The highest order reflection measured for (YO.9Ca 0 1)2Ti20 7, at all temperatures has d -
0.628A. The first two pairs of troughs and peaks in the resulting Fourier ripple predicted
by this set of equations in Chapter 4 occur at 0.58, 0.91, 1.23, and 1.55 A. This
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pyrochlore phase has neither a primitive lattice, nor atoms at rest, however a set of
troughs and peaks occurs in the vicinity of 0(2) at 1580C that corresponds very well to
this model. The observed set of troughs and peaks along <100> from 0(2) occur at
approximately 0.59, 0.89, 1.19, and 1.53 A. To emphasize, these are false features in that
they represent no real scattering-density in the crystal.
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Figure 5. 13(a,b). Fourier synthesis maps of the scattering density, p, in (YO.9CaO 10)2Ti207 pyrochlore
are plottedfor 2 temperatures: (a) 158 and (b) 13890C. Contours are plotted as even logarithmic intervals
above and below zero to reveal subtle features. The intervals plotted are: p = -0.58, -0.41, -0.29, 0.00
(dashed), 0.29, 0.41, 0.58, 0.84, 1.20, 1.71, 2.45, 3.50, and 5.00 -I- 4 -2 , where p is the coherent
scattering length, b, normalized by the unit cell volume. The maps are sections at z = !l centered on
O(1) near the 0(1) site and are ga in either dimension. To indicate the maximum magnitude of a
positive density that does not represent a real scattering density in the crystal, negative features in the
maps are included. The density at 0(3) is apparently insignificant, and no other unaccounted for
maximum of significance arises in this or ay other section of the cell, indicating that the structure remains
highly ordered to 14000C.
All of the maps of Figure 5.13 are plotted with the same contour intervals, with the
intervals less than or equal to zero plotted with dashed lines. First we note that regions of
high scattering-density occur as expected at the oxygen sites. The shape of that region for
0(1) is stretched slightly along the <100> and slightly more pointed on the side nearest to
the 0(3) site. This stretched shape is consistent with the fact that the mean-square
displacement derived from the temperature-factor coefficients is greatest in the <100>.
The pear shape (particularly notable for the 1450'C map) is consistent with results for
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Y 2(Zr0.6 0Ti.40 )2 0 7 and Y2Sn20 7 and with the Gd2Zr20 7 phase of Moriga et al. [41]. This
pear shape deviates so slightly from the shape of a perfect ellipsoid, that we believe it
would be a wasted effort to refine anharmonic cumulant for the temperature-factor
coefficients. Such terms are needed to describe an observed density having a pear shape.
No unaccounted for defect is apparent in the z = 0.125 plane. We have searched the unit
cell for offending densities, that may be unaccounted for defects, and found none.
Careful observation of Fourier-map sections through neighboring 0(1) sites, nominally
along <100>, revealed a faint but contiguous curved path of scattering-density bridging
the two sites. The path passes through the triangular faces, one A-B-B the other B-A-A,
of the tetrahedrally coordinated 0(1) site, and through an octahedral intermediate site
where there is a local maximum in density. This curved-path is not planar, and thus may
not be displayed in a single section of the Fourier-map. Finding the minimum in
scattering-density in this path and applying Boltzmann statistics to that density relative to
the density at the equilibrium position for 0(1), a migration energy of 0.96 eV was
determined. This result compares very favorably, though perhaps fortuitously, with that
found by Kramer for this composition using conductivity measurements [22].
5.5 Conclusions
This final set of experiments was performed with four major questions in mind. (1) Can
we measure the oxygen deficiency resulting from extrinsic doping of a pyrochlore
unambiguously? (2) What is the preferred site for oxygen vacancies? (3) What is the
degree of order in the sample and how does it alter with increasing temperature? (4) Can
we calculate reasonable enthalpies of migration and of Frenkel defect formation from the
temperature-factor coefficients at elevated temperature? We found that the sensitivity of
the neutron diffraction experiment was just at the level of the oxygen-deficiency that
should result from extrinsic-doping. Therefore, this deficiency could not be measured
unambiguously, but there is some evidence that it is not as great as determined by charge
neutrality. Perhaps the sample is actually off-stoichiometry, in addition to having a minor
perovskite phase. No significant difference was observed in the occupancy of the anion
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sites, thus we found that the likelihood of finding an oxygen vacancy on a given anion
site is approximately equal to the multiplicity of the site. The only significant disorder in
the sample was for the cation array. The anti-site disorder assumption used throughout
the thesis yielded 0.007(3) Y3' on the B site. A linear thermal expansion coefficient of
10.38.106K ' for the (Y0.9Ca0.1)2Ti20 7 was determined. This is greater than those of the
component oxides as a result of the open structure of pyrochlore, but just less than that of
the Y2(Zr0.60Ti0.40)20 7 solid-solution. The sample remains highly ordered with increased
temperature and the 0(1) coordinate x increased linearly which led to the observation that
the Ti-O(l) bond is intermediate in strength to the Sn-O(1) and the average (Zr0.60Ti0.40)-
O(1) bond. It may be deduced that the Zr-O(1) bond is the weakest. Unfortunately
mean-square displacements for the O(1) site were too low for the calculation of
reasonable enthalpies for ion-migration. Also no significant features were found in the
Fourier-synthesis maps that were not well described by the model. We did however find
a curved-path of low scattering-density between O(1) sites nominally along the <100>. A
migration enthalpy of 0.96 eV was calculated for migration along this pathway, in direct
confirmation of the accepted conduction mechanism. Other results that we had not
intended on finding were also determined. For example the appearance of a small but
significant fraction of CaTiO3 in the sample made possible a calculation to high-precision
of the solubility limit for calcium in the phase (YI.yCay) 2Ti20 7. pyrochlore: y = 0.078(1).
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6 Conclusions and Recommendations
6.1 Major Conclusions
Rietveld analysis of x-ray and neutron diffraction data from Y2(SnrTil-y) 2O,,
Gd2(SnyTi-y) 207, Y2(Zro.60Ti0.40)207, and (YO.9Ca.1) 2Ti 2O7 pyrochlores were performed.
Structures of Y2Sn20, Y2(Zro.60TiO.40)207, and (Y.9CaO.1) 2Ti20 7 were analyzed in-situ at
elevated-temperatures, the former two also in controlled oxygen partial-pressures. The
following were the most important conclusions:
1. Bonding plays at least as important a role in stabilizing the pyrochlore structure as
does the cation radius ratio, rA3+:rB4+.  Although the Y2(SnyTiy)20, and
Gd2(SnyTi-y)20 7 series were expected to show significant partial disorder as
predicted from the ratio rA3+:rB4+, they, in fact, did not. Slight disorder was
observed for both series, but it was generally, greater for the gadolinium solid-
solutions. The Gd2(SnyTi-y) 207 solid-solutions, having greater rA3+:rB4 + than the
Y2(SnyTi-.y) 207 solid-solutions, were expected to have a lesser degree of disorder.
2. Disorder in the cation arrays were observed to be relatively independent of
disorder in the anion arrays, even at elevated temperature.
3. We were unable to detect oxygen vacancies compensating for the charge of the
dopant in (Y.9Cao.1)2Ti 20,. The concentration of vacancies was, however, just at
the limit of detection, thus this does not indicate that neutron diffraction has
shown the absence of charge-compensating defects. When the structural model
was constrained to maintain charge-balance, the depletion of the occupancies of
the O(1) and 0(2) sites were approximately equal.
4. Structures were generally observed to remain relatively unchanged with increased
temperature. Changes in disorder within the cation and anion arrays were small.
Indication for slight increase in disorder above 1000 0C was observed for the
Y2(Zro.o6 Tio.40)20 7, and (Yo.9Ca. 1)2Ti20 7 systems. Contrary to the intuitive
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expectation that structures become more regular and symmetric at elevated
temperature, the coordinate x for 0(1) generally was observed to increase with
temperature. This was attributed to the greater strength of the B4+ bonds to
oxygen as compared to that of the A3 cations. The larger thermal expansion of
the A3'-O(1) bond pushes the 0(1) further in the direction of the vacant (or
partially occupied) 0(3) site. For temperatures up to 12000 C the structure
determined in situ at temperature is thus the same as that at room temperature.
The structural information determined at room temperature from quenched
samples in the present and all preceding work is thus representative of the
temperatures at which ionic conductivity was determined.
5. Evidence for an alternative oxygen conduction mechanism was found for
Y2(Zr0. 60Ti0.40)20 7. Scattering-density bridging the 0(2), 0(1), and 0(3) sites was
observed in Fourier synthesis maps. Previously it had been accepted that the 0(2)
site plays no role in oxygen conduction. The migration energy, deduced from
application of Boltzmann statistics to the relative scattering-density at the saddle
point to that at the equilibrium position for 0(1) and 0(2), for this anion-hop was
0.48 eV at 14500 C. This mechanism was not confirmed, however, by high-
temperature data from the (YO.9Ca.1) 2Ti20 7 pyrochlore. Instead, a curved path of
bridging density was found between neighboring 0(1) sites, through an octahedral
intermediate-site. The energy estimated for this anion-hop was 0.96 eV at
13890C. This is very close to that determined by Kramer, 0.97 eV, and confirms
the accepted model for ionic-conduction in this system.
6.2 Future Work
Some obvious and some less obvious experiments stand out as research that should be
explored further.
1. The conductivity for all three solid-solutions of Y2(SnyTil.,) 20 7, Y2(SnyZr.y,)20 7
and Y2(ZryTil.,)20 7 have been characterized. The crystal-structures for the
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Y2(SnyZr,.,) 207 should be characterized to complete the understanding of this
ternary system.
2. Extensive details of the crystal structures for several pyrochlore systems have
been determined as a function of temperature, including terms for the vibration of
the atoms about their equilibrium sites. This presents an excellent opportunity for
the comparison of the results of computer modeling with experimentation.
3. An in-situ study for an A-site substitution series would be interesting. From this a
comparison of the effect of modifying rA3+:rB4+ by manipulation of the A-site
radius could be explored. We further suggest that a set of binary compounds, with
distinct species in the respective A and B sites, could be compared to the solid-
solutions.
4. The problem of determining the partitioning of three cations among two sites
remains unaddressed. To our knowledge, this general problem has never been
addressed for oxides, and pyrochlore systems presents an excellent opportunity.
Solving the problem for the Y2(Zro0 6 Ti040)20 7 sample is problematic, due the co-
existence of a minor fluorite phase with the pyrochlore phase [1].
5. We believe that a single-crystal experiment with a fast-ion conducting pyrohclore
held at elevated temperature, could unambiguously reveal the ionic conduction
mechanism and the activation energy for oxygen migration.
128
References
1 Heremans C., Wuensch B.J., Stalick J.K., and Prince E. Fast-Ion Conducting Y2(ZryTil-y)207 Pyrochlores:
Neutron Rietveld Analysis ofDisorder Induced by Zr Substitution, J. Solid State Chem. 117, 108-121 (1995).
2 Heremans C., Fast-Ion Conductors: Single Crystal Growth of Copper and Silver Halides and Structural
Determination of Y2 (ZryTil-y)207 Pyrochlores, Ph.D. Thesis, M.I.T., Cambridge (1993).
3 Moon P.K. and Tuller H.L. Intrinsic Fast Oxygen Ion Conductivity in the Gd2(ZrxTil-x)207 and Y2(ZrxTil-x)207
Pyrochlore Systems, in Solid State Ionics, M.R.S. Symp. Proc. Vol. 135, eds. G. Nazri, R.A. Huggins, and D.F.
Shriver, Pittsburgh, 149-155 (1989).
4 Tepesch P.D. Atomistic Modeling of Ceramic Materials Predicting Crystal Structures, Thermodynamic
Properties, and Diffusion Behavior, Ph.D. Thesis, M.I.T., Cambridge (1996).
5 Yu T.-H. Electrical Properties and Structural Disorder in Stannate Pyrochlores, Ph.D. Thesis, M.I.T.,
Cambridge (1996).
6 Moon P.K. Electrical Conductivity and Structural Disorder in Gd2Ti207-Gd2Zr207 and Y2Ti207-Y2Zr207
Solid Solutions, Ph.D. Thesis, M.I.T., Cambridge (1988).
7 Symonds W.C. How to Build a Clean Machine, Business Week Magazine, May 27, 90-92 (1996).
8 Naughton K., Detroit's Imposible Dream, Business Week Magazine, March 2, 66-68 (1998).
9 Jost K., Chrysler Teams with Delphi on Fuel-Cell Vehicle, Automotive Engineering, May, v. 105, n. 5, 61-62
(1997).
10 Woodruff D. and Symonds W. C., The Hottest Thing on 'Green' Wheels, Business Week Magazine, April 28, 42,
(1997).
11 Markus F., Hydrogen-Fuel-Cell Car Runs on Gas, Car and Driver, March, v.42, 32 (1997).
12 Puttr6 M., A Fuel-Cell for the Gas Pump, Design News, February 17, 43 (1997).
13 National Resource Defense Council, Choosing Clean Power,
http://www.nrdc.org/nrdcpro/nrdcpro/ccp/ccpinx.html, March (1997).
14 Sustainable Energy Coalition and House Renewable Energy Caucus, Fuel Cells 2000's Homepage,
http://www.fuelcells.org/, April (1998).
15 Singhal S. C., Advances in Tubular Solid Oxide Fuel Cell Technology, in (Proc. 4th Intl. Symp. on Solid Oxide
Fuel Cells, ed. Dokiya M., Yamamoto O., Tagawa H., and Singhal S. C.), The Electrochemical Society, Pennington
New Jersey, Proc. Vol. 95-1, 195-207 (1995).
16 Tuller H.L. and Moon P.K. Fast Ion Conductors: Future Trends, Mat. Sci. and Eng. B 1, 171 (1988).
17 Tuller H.L. Ionic and Mixed Conductors: Materials Design and Optimization, Proc. 17th Riso Intl. Symp. on Mats.
Sci., High Temperature Electrochemistry: Ceramics and Metals, ed. F.W Poulsen, N. Bonanos, S. Linderoth, M.
Mogensen, and B. Zachau-Christiansen, Riso Natl. Laboratory, Roskilde, Denmark, 139-153 (1996).
18 Kharton V.V., Naumovich E.N., Vecher A.A., and Nikolaev A.V. Oxide Ion Conduction in Solid Solutions
Lnl-xSrxCoO3-s (Ln = La, Pr, Nd), J. Solid State Chem. 120, 128-136 (1995).
19 Islam M.S., Cherry M., and Catlow C.R.A. Oxygen Diffusion in LaMnO3 and La CoO3 Perovskite-Type Oxides: A
Molecular Dynamics Study, J. Solid State Chem. 124, 230-237 (1996).
20 Ishihara T., Masuda H., and Takita Y. Doped LaGaO3 Perovskite Type Oxide as a New Oxide Ionic Conductor, J.
A. Chem. Soc. 116, 3801 (1994).
21 Man Feng and Goodenough J.B., A Superior Oxide-Ion Electrolyte, Europ. J. Solid State Chem. 31, 663-672
(1994).
22 Kramer S. Mixed Ionic-Electronic Conduction in Rare Earth Titanate/Zirconate Pyrochlore Compounds,
Ph.D. Thesis, M.I.T., Cambridge (1994).
129
23 Tuller H.L. Mixed ionic-electronic conduction in a number offluorite and pyrochlore compounds, Solid State
Ionics 52, 135-146 (1992).
24 Cochran S. G., Dunlop W. H., Edmunds T. A., Maclean L. M., Gould T. H., Fissile Material Disposition Program
Final Immobilization Form Assessment and Recommendation, internal report from Lawrence Livermore National
Laboratory to the U.S. Department of Energy, UCRL-ID-128705, October 3 (1997).
25 Michel D., Perez y Jorba M., and Collongues R., Etude de la Transformation Ordre-Disordre de la Structure
Fluorite ii la Structure Pyrochlore pour des Phases (1-x)ZrO2-xLn2O3 , Materials Research Bulletin, 9, 1457-
1468 (1974).
26 T. Uehara, K. Koto, S. Emura, and F. Kanamaru, EXAFS Study ofFluorite and Pyrochlore Compounds in the
System ZrO2-Gd2O3, Solid State lonics, 23, 331-337 (1987).
27 B.E. Scheetz and W.B. White, Characterization ofAnion Disorder in Zirconate A2B2 0 7 Compounds by Raman
Spectroscopy, J. American Ceramic Soc., 62, 468-470 (1979).
28 Meilicke S. and Haile S. Order-Disorder Transitions in Gadolinium Zirconate: a Potential Electrolyte Material in
Solid Oxide Fuel Cells, in M.R.S. Symp. Proc. Vol. 135, 55-60 (1995).
29 Brisse F. and Knop O. Pyrochlores. III. X-ray, Neutron, Infrared, and Dielectric Studies ofA2Sn2 07 Stannates,
Can. J. Chem. 46, 859-873 (1968).
30 Knop O., Brisse F. and Castelliz L., Pyrochlores. V Thermoanalytic, X-ray, Neutron, Infrared, and Dielectric
Studies ofA2Ti20 7 Titanates, Can. J.Chem. 47, 971-990 (1969).
31 Shannon R.D. and Prewitt C.T. Effective Ionic Radii in Oxides and Fluorides, Acta Cryst. B25, 925-946 (1969).
32 Shannon R.D., Revised Effective Ionic Radii and Systematic Studies oflnteratomic Distances in Halides and
Chalcogenides, Acta Cryst, A32, 751-767 (1976).
33 Vandenborre M. T., Husson E., Chatry J. P., Michel D., Rare-earth Titanates and Stannates ofPyrochlore
Structure; Vibrational Spectra and Force Fields, J. Raman Spectroscopy, 14, 63-71 (1983).
34 Pauling L., The Chemical Bond, Cornell University Press, Ithica, New York (1967).
35 Chakoumakos B.C. Systematics of the Pyrochlore Structure Type, IdealA2B2X6Y, J. Solid State Chem. 53, 120-
129 (1984).
36 Klee W. E. and Weitz G., Inrared Spectra of Ordered and Disordered Pyrochlore-Type Compounds in the Series
RE2 Ti20 7, RE2Zr207, and RE2 Hf2 07, J. Inorg. Nucl. Chem., 31, 2367-2372 (1969).
37 Subramanian M.A., Aravamudan G., and Subba Rao G.V., Oxide Pyrochlores, a Review, Progress in Solid State
Chemistry, 15, 55-143 (1983).
38 M. Perez and Y. Jorba, Contribution 6 l'Etude des Systimes Zircone-Oxydes des Terres Rares, Annales de Chimie,
7, 449-511 (1962).
39 van Dijk T., de Vries K.J., and Burggraaf A.J., Electrical Conductivity ofFluorite and Pyrochlore LnxZrl-xO2-x/2
(Ln = Gd, Nd) Solid Solutions, Physica Status Solidi A, 58, 115-125 (1980).
40 Uehara T., Koto K., Kanamaru F., and Horiuchi H., Stability and Antiphase Domain Structure of the Pyrochlore
Solid Solution in the ZrO2-Gd2O3 System, Solid State Ionics, 23, 137-143 (1987).
41 Moriga T., Yoshiasa A., Kanamaru F., and Koto K., Crystal Structure Analysis of the Pyrochlore- and Fluorite-
Type Zr2Gd207 and Anti-Phase Domain Structure, Solid State Ionics, 31, 319-328 (1989).
42 Moriga T., Emura S., Yoshiasa A., Kikkawa S., Kanamaru F., and Koto K, X-Ray and RAMAN Study on
Coordination States ofFluorite- and Pyrochlore-Type Compounds in the System ZrO3-Gd203, Solid State Ionics,
40/41, 357-361 (1990).
43 Yu Tae-Hwan, Tuller H.L., Ionic Conduction and Disorder in the Gd2Sn207 Pyrochlore System, in (Solid State
lonics, Diffusion & Reactions, 86-88, pt.1, 177-82, 1996), proceedings of the 10th Intl. Conf. on Solid State Ionics
in Singapore 1995.
130
44 Yu Tae-Hwan, Tuller H.L., Electrical Conductivity in (Gdl-xCax)2Sn207+sPyrochlore System, in Solid State
Ionics IV, edited by G.-A. Nazri, J.-M. Tarascon, and M. Schreiber (Mat. Res. Soc. Symp. Proc., Pittsburgh, PA),
371-376 (1995).
45 Facktor J.D., A Study of Oxygen Ion Conductivity in the System Nd2Zr207-Nd 2 Ce2O7 and Related
Materials, Ph.D. Thesis at the Imperial college of Science and Technology, University of London (1984).
46 Catlow C.R.A. and James R., Disorder in TiO2.x, Proc. Res. Soc. London, A 382, 157-173 (1982).
47 Freeman C.M and Catlow C.R.A., A Computer Modeling Study of Defect and Dopant States in SnO2, J. Sol. State.
Chem., 85, 65-75 (1990).
48 Wuensch B.J. and Schioler L.J., Relation Between Structure and Conductivity in the NASICON Solid Solution
System, in Volume H - Cation Conductors (Pioc. of the Conf. on High Temp. Solid Oxide Electolytes, August
16-17, 1983, Brookhaven National Laboratory),55-71 (1983).
49 Cava R.J., A Study of the Mobile Ions in Several Binary Fast Ion Conductors, Ph.D. Thesis, Massachusetts
Institute of Technology (1978).
50 Van Dijk M.P., Burggraaf A.J., Cormack A.N., and Catlow C.R.A., Defect Structures and Migration Mechanisms
in Oxide Pyrochlores, Solid State Ionics 17, 159-167 (1985).
51 Wilde P.J. and Catlow C.R.A., Defects and diffusion inpyrochlore structured oxides, to be published in Solid
State Ionics.
52 Wilde P.J. and Catlow C.R.A., Molecular Dynamics Study of the Effect of Doping and Disorder on Dieffsion in
Gadolinium Zirconate, to be published in Solid State Ionics.
53 Pechini M.P., Method of Preparing Lead and Alkaline Earth Titanates and Niobates and Coating Method
Using the Same to Form a Capacitor, U.S. Patent No. 3,330,697 (1967).
54 Larson A. C. and Von Dreele R. B., GSAS General Structure Analysis System, Los Alamos Neutron Scattering
Center, Los Alamos National Laboratory, Los Alamos, NM (1985, 1994).
55 Izumi F., Rietveld Analysis System RIETAN, National Institute for Research in Inorganic Materials, 1-1 Namiki,
Tsukuba, Ibarki 305, Japan (1984).
56 Cranswick L., Crystalography Worl Wide, http://www.unige.ch/crystal/stxnews/riet/progs/riet-pc.html, December
(1997).
57 Young R.A., The Rietveld Method, International Union of Crystallography, Oxford Universtiy Press, Oxford
(1993).
58 Sears V.F., Periodic Table for Sears Data, http://bnl.bio.bnl.gov:8000/www-
root/webdocs/hfbr/per_table_new.html (1996).
59 Sears V.F., Thermal-Neutron Scattering Lengths and Cross Sections for Condensed-Matter Research, Atomic
Energy of Canada, Ltd. Report AECL-8490, June (1984).
60 Haile S. M., Wuensch B. J. and Prince E., Neutron Rietveld Analysis ofAnion and Cation Disorder in the Fast-Ion
Conducting Pyrochlore System Y2(ZrxTil-x)207, in Neutron Scattering for Materials Science, edited by Shapiro
S. M., Moss S. C.and Jorgensen J. D. (Mat. Res. Soc. Symp. Proc. 166, Pittsburgh, PA, 1990) p.81-86.
61 Koster L. and Yelon W.B., Neutron Diffraction Newsletter (1982).
62 Rietveld H. M., A Profile Refinement Method for Nuclear and Magnetic Structures, J. Appl. Cryst., 2, 65-71
(1971).
63 Thompson P., Cox D. E. and Hastings J. B., Rietveld Refinement ofDebye-Scherrer Synchrotron Z-ray Data from
A12 03 , J. Appl. Cryst., 20, 79-83 (1987).
64 Howard C. J., The Approximation ofAsymmetric Neutron Powder Diffraction Peaks by Sums of Gaussians, J.
Appl. Cryst., 15, 615-620 (1982).
65 Cagliotti, Pauletti and Ricci, Nucl. Instrum., 3, 223 (1958).
66 Prince E. and Stalick J., NIST Rietveld Code.
131
67 Barker W. W., White P. S., and Knop O., Pyrochlores. X. Madelung Energies ofPyrochlores and Defect Fluorites,
Canad. J. Chem., 54, 2316-2334 (1976).
68 Barker W. W., Graham J., Knop 0., and Brisse F., in The Chemistry of Extended Defects in Non-Metallic Solids
(Eyring L., and O'Keeffe M., Eds.), p. 198,. North-Holland, Amsterdam (1970).
69 Pannetier J., Energie Electrostatique des Reseaux Pyrochlore, J. Phys. Chem. Solids, 34, 583-589 (1973).
70 Hazen R. M. and Finger L. W., Comparative Crystal Chemistry, John Wiley and Sons, New York, 1982.
71 Kahlenberg V. and B6hm H., X-ray Diffraction Investigation of the Defect Pyrochlore
Bil.61Zn. 18Ti1.94V0.6006.62, J. of Alloys and Compounds, 223, 142-146 (1995).
72 Eberman K., Onnerud P., Yu Tae-Hwan, Tuller H. L., and Wuensch B. J., Rietveld X-ray Powder Profile Analysis
and Electrical Conductivity ofFast-lon Conducting Gd2(Til.ySny)207 Solid-Solutions, in Solid-State Chemistry
of Inorganic Materials, edited by Davies P. K., Jacobson A. J., Torardi C. C., and Vanderah T. A., Mat. Res. Soc.
Symp. Proc., 453, 567-572 (1997).
73 MacGillavry C. H. and Rieck G. D., International Tables for Crystallography v.3 Physical and Chemical
Tables, Kynoch Press, Birmingham, England (1965).
74 van Dijk M. P., Mijlhoff F. C., and Burggraaf A. J., Pyrochlore Microdomain Formation in Fluorite Oxides, J.
Solid State Chem, 62, 377-385 (1986).
75 Willis B. T. and Pryor A. W., Thermal Vibrations in Crystallography, Cambridge University Press (1975).
76 Moon P. K. and Tuller H. L., Ionic Conduction in the Gd2 Ti207-Gd2Zr2 0 7 System, Solid State Ionics 28-30,
470-474 (1988).
77 James R. W., False Detail in Three-Dimensional Fourier Representations of Crystal Structure, Acta Cryst., 1, 132-
134(1948).
78 Kay H. F. and Bailey P. C., Structure and Properties ofCaTiO3, Acta Cryst, 10, 219-226 (1957).
79 Jorgensen J. D., Faber J. Jr., Carpenter J. M., Crawford R. K., Haumann J. R., Hitterman R. L., Kleb R, Ostrowski
G. E., Rotella F. J. and Worlton T. G., Electronically Focuesd Time-of-Flight Powder Diffiractometers at the Intense
Pulsed Neutron Source, J. Appl. Cryst, 22, 321-333 (1989).
132
